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Abstract 
Neurofibromatosis type 1 (NF1) is a common genetic disorder that affects 
approximately 1 in 2700 people. Reading difficulties are reported in the majority of 
school-age children with NF1 and have significant functional impacts. To date, little 
is known about precursor literacy abilities in young children, the underlying cause of 
reading impairments or how to treat reading difficulties in children with NF1.  
Therefore, the primary aims of this thesis were to i) examine the reading profile of 
children with NF1, from preschool to school age, in order to identify any specific 
areas of weakness and establish critical time periods when deficits may emerge and ii) 
investigate the effectiveness of a reading intervention for children experiencing 
reading difficulties. To achieve these aims the following three studies were 
conducted.  
Study 1 is a cross-sectional study which examined the preliteracy abilities of young 
children with NF1 (n=42, 5- 6 years) compared to unaffected children (n=32). Results 
indicated that the performance of children with NF1 was significantly poorer than 
controls in all preliteracy domains including phonological awareness, phonological 
memory and letter-sound knowledge. Over a third of children with NF1 demonstrated 
impairment in at least one phonological processing domain and the risk for 
phonological impairment was 5.60 times that of unaffected children.  Letter-sound 
knowledge was found to be the strongest preliteracy predictor of spelling. This study 
is the first to provide a detailed description of preliteracy abilities in children with 
NF1 and establish that early signs of literacy difficulties are present at five to six 
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years of age. Findings highlight the need for the early assessment of phonological 
processing and phonics skills of young children with NF1. 
Study 2 is a cross-sectional study which investigated the reading profile of school-age 
children (n=60, 7-12 years) compared to healthy controls (n=36). Results revealed 
that the performance of children with NF1 was significantly poorer than controls on 
all literacy measures including letter identification, letter-sound knowledge, receptive 
vocabulary, blending, reading accuracy (regular, irregular and nonword), reading 
fluency and comprehension, except letter orientation. High levels of phonological 
decoding difficulties (41%) were common, and a significant number of impaired NF1 
readers also displayed a mixed dyslexic profile (49%) which was characterised by 
more severe deficits across reading subskills. Children with NF1 who displayed more 
inattentive behaviours, had weaker working memory capacity and poorer receptive 
language were at greater risk of poorer reading ability.  
Study 3 examined the efficacy of a phonics-based computerised training program for 
school-age children with NF1 and reading difficulties (n=30, 7-12 years). Children 
completed a double-baseline, followed by an eight-week home-based computerised 
intervention program. Following treatment, children demonstrated significant 
improvement on the primary outcome, nonword reading, and a range of other literacy 
outcomes. These gains were maintained eight weeks post-treatment. Treatment effect 
was significantly influenced by age and working memory with children who were 
older and had stronger verbal working memory capacity showing greater 
improvement.  
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Collectively these studies contribute to our understanding of the reading profile of 
children with NF1. Findings show that weaknesses in phonological processing and 
letter-sound knowledge are common in children from preschool to school-age 
indicating that these deficits are likely to underlie many of the literacy difficulties 
experienced by children with NF1. Further these weaknesses can be detected as early 
as five years of age.  Study findings also indicate that many of the reading deficits in 
children with NF1 can be successfully treated by teaching letter-sound knowledge.  
These findings can be used to inform clinical practice relating to the assessment of 
literacy and possible treatment options for children with difficulties. The 
implementation of preliteracy screening for all young children with NF1 and early 
intervention (if appropriate), may result in a greater success rate of remediation, 
decrease the likelihood of later literacy difficulties and contribute to significant 
improvements in the quality of life for children with NF1.
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CHAPTER 1 
General Introduction  
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1 General introduction 
1.1 Background 
Neurofibromatosis type 1 (NF1) is a common genetic disorder with an estimated birth 
incidence of 1 in 2700 (Evans et al., 2010). It affects multiple systems throughout the 
body including the skin, bone, eyes, endocrine and nervous system (North, 1998a). 
Despite the defining features being physical in nature, the most significant 
complications of NF1 for children relate to cognitive deficits and academic failure 
(Hyman, Shores, & North, 2005). While the intellectual functioning of children with 
NF1 is usually within normal limits, their performance is typically lower than their 
peers or siblings (Lehtonen, Howie, Trump, & Huson, 2013). Impairments in 
language, visual perception, executive functioning and attention are frequently 
reported (Hyman et al., 2005). Difficulties with social and behavioural functioning  
are also common with approximately one third to half of children meeting diagnostic 
criteria for Attention-Deficit/Hyperactivity Disorder (ADHD) (Lehtonen et al., 2013) 
and high levels of Autism Spectrum Disorder (ASD) symptomatology reported (Garg 
et al., 2013; Walsh et al., 2013). Emotional difficulties also occur with parental ratings 
indicating higher levels of anxiety, depression, somatic complaints/somatization, 
thought problems and withdrawal in children with NF1 when compared to unaffected 
children/age norms (Domon-Archambault, Gagnon, Benoît, & Perreault, 2018).  
Academic difficulties are common and learning difficulties have been reported in 
between 20 to 75% of children with NF1 (Vogel, Gutmann, & Morris, 2017). 
Impairments have been reported in all academic domains including mathematics 
(Krab, Femke, et al., 2008; Orraca-Castillo, Estévez-Pérez, & Reigosa-Crespo, 2014), 
spelling (Krab, Femke, et al., 2008; Lehtonen et al., 2015; North, Joy, Yuille, Cocks, 
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& Hutchins, 1995), written expression (Dilts et al., 1996; Hofman, Harris, Bryan, & 
Denckla, 1994) and reading (North et al., 1995; Orraca-Castillo et al., 2014; Watt, 
Shores, & North, 2008). With regards to specific reading skills, difficulties with 
phonological skills (Chaix et al., 2017; Cutting, Koth, & Denckla, 2000; Mazzocco et 
al., 1995), word reading accuracy (Hyman et al., 2005; North et al., 1995; Watt et al., 
2008) and reading comprehension (Cutting et al., 2000; Mazzocco et al., 1995; North 
et al., 1995) in school-age children with NF1 are reported. Several studies have 
examined the frequency of specific reading disabilities in children with NF1 with 
estimates ranging from 8.6% (Hyman, Shores, & North, 2006) to 67% (Watt et al., 
2008) depending upon the disability criteria used. 
1.2 Rationale 
Reading forms a foundational component of all learning that occurs within the school 
context (Lyon, 1998). Reading is necessary for success in all school subject areas and 
therefore children with reading difficulties are at much greater risk of academic 
failure (Lyon, 1998). They are also more likely to drop out of school (Daniel et al., 
2006), experience anxiety (Carroll, Maughan, Goodman, & Meltzer, 2005), 
depression (Arnold et al., 2005), suicidal ideation (Daniel et al., 2006) and 
behavioural difficulties (Carroll et al., 2005), demonstrating the significant impact of 
reading impairments. In addition, the later children with reading difficulties are 
identified, the more challenging the task of treatment and the greater the likelihood 
that they will perform more poorly in the classroom (Bus & van IJzendoorn, 1999; 
Ehri, Nunes, Willows, et al., 2001; Juel, 1988; Schatschneider & Torgersen, 2004)   
In the general population, there are a number of precursor literacy or preliteracy skills 
that precede the development of conventional literacy abilities such as reading, 
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spelling and writing. Preliteracy skills such as phonological abilities (i.e. phonological 
awareness, phonological memory, rapid automatic naming [RAN]) and letter-sound 
knowledge have been shown to identify young children (approximately five years) 
who will experience later literacy difficulties two to five years later (Boscardin, 
Muthen, Francis, & Baker, 2008; Puolakanaho et al., 2007; Schatschneider, Fletcher, 
Francis, Carlson, & Foorman, 2004; Snowling & Melby-Lervag, 2016; Wagner et al., 
1997). While preliteracy skills such as phonological awareness and letter-sound 
knowledge play a critical role in reading success (Byrne & Fielding-Barnsley, 1989), 
little is known about these skills in young children with NF1. To date there has only 
been one study that has objectively reported on preliteracy abilities in young children 
with NF1 (Lorenzo, Barton, Arnold, & North, 2013). In this study, the performance of 
40-month-old children with NF1 was significantly poorer than controls on a measure 
of letter-word identification. Further investigation of the preliteracy abilities of young 
children with NF1 is required to identify and describe any deficits that are present and 
establish critical time periods they may emerge. This information will assist in 
identifying potential targets for early literacy intervention which may help reduce the 
high rates of literacy difficulties observed in older school-age children with NF1. 
Despite reports of impairments in the reading abilities of school-age children with 
NF1, there has been little investigation of the potential deficits within the reading 
system. To date, two studies have specifically explored phonological components of 
the reading system. Chaix et al. (2017) reported significant weaknesses in 
phonological awareness (ability to detect and manipulate sounds of spoken language) 
in a large cohort of children with NF1, with and without reading problems. The 
authors proposed that a phonological deficit may be a characteristic feature of the 
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NF1 cognitive phenotype (Chaix et al., 2017). Another study reported that the 
majority of children with NF1 and reading difficulties had a specific weakness in 
utilizing letter-to-sound rules to decode nonwords indicating an impairment in their 
sublexical skills (Watt et al., 2008). It is not clear why children experience difficulties 
with phonological decoding and whether it results from impairments in specific 
underlying reading subskills (i.e. letter-sound knowledge, blending sounds) or 
alternatively a combination of cognitive impairments which interact with weaknesses 
within the reading system (Watt et al., 2008). To date, the relationship between word 
reading and cognitive impairments that are commonly reported in NF1 is unclear. 
There is some evidence to suggest that there is an association between reading 
difficulties and visuospatial weaknesses in children with NF1 (Cutting & Levine, 
2010). Also a significant relationship between poor reading performance and weaker 
executive functioning (Pride, Payne, & North, 2012), as well as an increased 
incidence of ADHD (Hyman et al., 2006) has been reported. Although another study 
found no relationship between attention and reading difficulties (Cutting & Levine, 
2010). Further investigation is needed to examine the reading profile of children with 
NF1 and how cognitive deficits may impact upon their reading skills. 
Despite the high frequency of reading difficulties reported in school-age children with 
NF1, to date only one study has examined the effectiveness of a reading intervention 
in this population (Barquero, Sefcik, Cutting, & Rimrodt, 2015). In this study, 
children with NF1 received intensive remedial instruction in letter-to-sound 
correspondences either via a tactile/kinaesthetic-based intervention (n=8) or a visual-
based method (n=9). The treatment involved 15 hours of direct individual instruction 
over a five-day period. Although both methods of remedial teaching resulted in 
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significant improvement in word reading, the kinaesthetic treatment proved to be the 
most successful. The authors concluded that the mainstream reading intervention used 
was appropriate for poor readers with NF1 (Barquero et al., 2015). However due to 
the small sample size, difference between groups in baseline reading abilities and lack 
of longer-term follow-up post-treatment, the conclusions drawn from this study must 
be interpreted with caution. Further investigation into other treatments that are 
feasible and effective for children with NF1 is required. Studies with larger samples to 
allow for the detection of treatment effects and generalisation of results, as well as a 
follow-up assessment post-treatment to establish whether improvements are 
maintained is needed. In addition, investigation of the generalisation of any treatment 
effects upon a range of literacy abilities (i.e. reading fluency, comprehension) would 
be beneficial.  
1.3 Aims 
Therefore, the primary aims of this thesis were to 1) investigate the preliteracy 
abilities of young children with NF1; 2) describe the reading profile of school-age 
children with NF1; and 3) examine the efficacy of a computerised phonics-based 
training program for children with NF1 and reading difficulties. 
1.4 Significance of study 
Reading difficulties are one of the most significant impairments experienced by 
children with NF1 and may be associated with considerable impact on academic and 
daily functioning. Developing a better understanding of the preliteracy and literacy 
abilities of children with NF1 may assist in establishing critical periods for 
intervention as well as identifying specific skills for targeted treatment. In addition, 
examination of the relationship between literacy skills and other cognitive deficits 
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evident in children with NF1 will provide important information on potential risk 
factors for literacy difficulties. This information can also contribute to the design of 
appropriate interventions which are best tailored to suit the specific cognitive profile 
of children with NF1. To date, only one literacy intervention has been reported for 
children with NF1 and reading difficulties. Considering the significant negative 
implications of literacy difficulties, trialling an intervention in children with reading 
difficulties will provide valuable information about whether children with NF1 can 
benefit from evidence-based interventions similar to those used in children with 
reading difficulties from the general population. 
1.5 Objectives 
To achieve the aims of this thesis the following objectives were identified: 
• Investigate the preliteracy abilities of young children with NF1. 
• Establish which preliteracy abilities are the strongest predictors of conventional 
literacy. 
• Compare the reading subskills of school-age children with NF1 to unaffected 
children. 
• Describe the profile of reading impairment in school-age children with NF1. 
• Examine which cognitive, behavioural and demographic risk factors may be 
related to reading impairment in school-age children with NF1. 
• Determine whether a computerised phonics treatment program can improve 
reading and reading-related skills in children with NF1 and reading difficulties. 
• Establish which cognitive or demographic variables influence the efficacy of 
intervention in children with NF1 and reading difficulties.  
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1.6 Research methodology 
Two cross-sectional studies of children with NF1 were conducted, children aged five 
and six years were recruited, and another cohort aged seven to 12 years. Children with 
NF1 were recruited through the Neurogenetics Clinic, The Children’s Hospital at 
Westmead, Sydney, Australia and advertisements circulated by the Neurofibromatosis 
Association of Australia. Unaffected peer comparison groups were recruited via a 
range of methods including a larger longitudinal study of children, local primary 
schools and advertisements. All children completed a comprehensive cognitive 
assessment that included measures of intelligence, language, attention, visuospatial 
functioning and academic abilities. Children aged five to six years completed a 
comprehensive battery of tests assessing preliteracy abilities including phonological 
awareness, phonological memory, RAN and letter-sound knowledge. Children aged 
seven to 12 years completed a comprehensive literacy assessment including measures 
of word reading accuracy, reading fluency, reading comprehension, receptive 
language, blending, letter-sound knowledge and letter identification. 
For the intervention study, 30 children with NF1 aged seven to 12 years with impaired 
nonword (nonsense words that can be read using letter-sound knowledge) reading 
participated in a double-baseline 24-week trial which included an eight-week 
intervention period. Children completed a comprehensive literacy assessment at four 
timepoints: 1) at baseline; 2) after an eight-week no treatment period; 3) immediately 
after completing the eight-week treatment (post-treatment); and 4) at eight weeks 
post-treatment (follow-up).  
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1.7 Outline of thesis 
• Chapter 1 provides background and rationale for the thesis and the primary 
aims and objectives. 
• Chapter 2 contains the literature review which includes three sections: i) A 
description of clinical and genetic aspects of NF1; ii) a review of literature on 
the cognitive and psychosocial functioning of children with NF1; iii) a review 
of the literature on reading in the general population and reading in children 
with NF1. 
• Chapter 3 describes the overall general methodology for the three studies. 
• Chapter 4 is a published paper which reports on a cross-sectional analysis of 
the preliteracy abilities of children with NF1 aged five to six years. 
• Chapter 5 is a manuscript which describes the reading profile of children with 
NF1 aged seven to 12 years. 
• Chapter 6 is a published paper reporting on the results of a double-baseline 24-
week phonics-based trial for children aged seven to 12 years with NF1 and 
reading difficulties. 
• Chapter 7 draws together the results from the three studies in Chapters 4, 5 
and 6 and provides the conclusion, clinical implications of the findings and the 
limitations of the studies.  
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CHAPTER 2 
Literature Review  
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2 Literature Review 
2.1 Clinical and genetic aspects of NF1 
2.1.1 Historical perspective 
Several descriptions of patients with likely neurofibromatosis type 1 (NF1) appeared 
in the 17th and 18th centuries (Akenside, 1785 cited in North, 1997b; Monstrorum 
Historia, 1642 cited in Zanca & Zanca, 1980). One of the earliest historical accounts 
of possible NF1 was written by the Bolognese doctor Ultisse Aldrovandi (1522-1605). 
Aldrovandi described an Indian man of short stature who was observed to have huge, 
flabby masses of skin, less than two inches thick, hanging from his head and trunk 
(Ruggieri & Polizzi, 2003; Zanca & Zanca, 1980).  
Another description of neurofibromatosis can be found in Buffon’s (1707-1788) 
“Histoire Naturelle”. Buffon mentions a young girl with various cutaneous 
irregularities including numerous dark areas of hyperpigmentation on her limbs and 
torso and a raised lesion covering her torso that had the appearance of “pigskin” (as 
cited in Ruggieri & Polizzi, 2003). Mark Akenside was the first to describe a probable 
case of NF1 in the English language (Brosius, 2010). In 1767 he presented on a 
patient he had observed at St Thomas’ hospital who had numerous tumours on his 
head, trunk, arms and legs; a condition which he had inherited from his father 
(Akenside, 1768 as cited in Brosius, 2010). 
Von Tilesius, in 1793, provided a detailed account of a patient known as ‘Wart man’.  
He was reported to have many growths on his skin, spots of irregular colour on his 
legs and torso, a stocky, large head and a higher shoulder on one side (Brosius, 2010). 
In 1849, Robert Smith, an Irish surgeon, documented clinical and autopsy findings in 
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two cases of NF1 (North, 1997b). He suggested that NF1 was a disease of the nerves 
(Brosius, 2010). In 1882, the first accurate description of neurofibromatosis was 
provided by a pathology student of Virchow, Friedrich von Recklinghausen. He 
published two case reports in which he documented the pathology of both cutaneous 
and subcutaneous tumours. He also completed a review of other cases reporting on 
neurofibromas (Brosius, 2010). He was the first to note the presence of inguinal and 
axillary freckling and to use the term ‘neurofibroma’. The condition later came to be 
known as Von Recklinghausen’s disease (Brosius, 2010; North, 1997b). 
In 1900, Thomson (1900) drew attention to the hereditary nature of the condition by 
establishing that 30 out of 77 cases reported in On Neuroma and Neurofibromatosis, 
were familial. Then in 1918 Preiser and Davenport (as cited in Crawford, 1986) 
established that NF1 was an autosomal dominant condition. In 1956, Crowe, Schull 
and Neel (as cited in Boyd, Korf, & Theos, 2009) reported on a large-scale study of 
the disorder which provided details regarding the various features of NF1. 
2.1.2 Diagnosis 
2.1.2.1 Prevalence and incidence 
NF1 is one of the most common monogenetic disorders to affect the human nervous 
system with an estimated incidence of 1 in 2700 individuals and a prevalence of 1 in 
4560 (Evans et al., 2010). The disorder can be inherited in an autosomal-dominant 
manner, with equal frequency in males and females. Half of all reported cases are a 
result of spontaneous mutations and approximately 75% of these new mutations are 
paternal in origin (Stephens et al., 1992). NF1 occurs across all ethnicities and there is 
no population in which NF1 is not known to occur (Friedman, 1999). There is a wide 
range in the expression and severity of clinical features, even amongst family 
31 
members and the condition is completely penetrant once affected individuals reach 
early adulthood  (Viskochil, 2002).  
2.1.2.2 NF1 as a distinct disorder 
Until the late twentieth century NF1 and neurofibromatosis type 2 (NF2) were not 
clearly defined as separate disorders (Ferner et al., 2007a; National Institutes of 
Health, 1988). In the 1980’s there was a significant surge in research which examined 
in detail the complications and clinical manifestations of NF1. Then in 1987 at the 
National Institutes of Health (NIH) Consensus Development Conference definitive 
diagnostic criteria for both NF1 and NF2 were proposed by a Consensus panel of 
scientists and medical experts (National Institutes of Health, 1988). Although NF1 
and NF2 are both part of the group of neurofibomatoses disorders (Evans et al., 2005) 
they are clinically and genetically distinct (Ferner, 2007b). The creation of the NIH 
criteria allowed more accurate and uniform diagnosis of each disorder and allowed 
them to be viewed as separate conditions (North, 1997b). 
In contrast to NF1, NF2 is a rare autosomal dominant disorder with a birth incidence 
of 1 in 25,000 (Evans et al., 2005). In 1993 the NF2 gene was isolated and merlin was 
identified as its gene product (Rouleau et al., 1993; Trofatter et al., 1993). NF2 results 
in complications which are distinct from NF1 and these include bilateral vestibular 
schwannomas and other central nervous system tumours (Baser et al., 2002). 
2.1.2.3 Diagnostic criteria of NF1 
A diagnosis of NF1 is based upon the clinical criteria developed at the NIH 
Consensus Conference in 1987 (1988). The criteria which has since been reviewed 
and confirmed by a group of experts (Gutmann et al., 1997) states that an individual 
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must demonstrate at least two of seven features listed in Table 2.1 to be given a 
diagnosis of NF1. 
Table 2.1. Diagnostic Criteria for NF1 
National Institutes of Health (NIH) Diagnostic Criteria for NF1 (Gutmann et al., 
1997)  
The patient should have two or more of the following 
1. Six or more café-au-lait spots 
1.5cm or larger in postpubertal individuals 
0.5cm or larger in prepubertal individuals 
2. Two or more neurofibromas of any type or one or more plexiform neurofibroma 
3. Freckling in the axilla or groin 
4. Optic glioma (tumour of the optic pathway) 
5. Two or more Lisch nodules (benign iris hamartomas) 
6. A distinctive bony lesion 
Dysplasia of the sphenoid bone 
Dysplasia or thinning of long bone cortex 
7. A first-degree relative with NF1 
 
Using the NIH diagnostic criteria in routine clinical and ophthalmological 
examinations is generally a very reliable means of distinguishing between adults with 
and without NF1 (Gutmann et al., 1997). The NIH criteria is also appropriate for use 
in paediatric populations although it is not possible to diagnosis all individuals with 
NF1 in early childhood (DeBella, Szudek, & Friedman, 2000). As NF1 is a 
progressive disorder, presentation of features will increase with age (North, 1998b). 
DeBella, Szudek and Friedman (2000) found that 46% of sporadic cases of NF1 fail 
to meet the NIH criteria by one year of age. By eight years of age almost all 
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individuals (97%) with NF1 will meet the diagnostic criteria and by 20 years of age, 
all will satisfy the criteria for diagnosis.  
2.1.3 Genetic aspects 
NF1 results from a germ-line mutation in the NF1 gene located on chromosome 
17q11.2 (Viskochil, 2002). Mutations can involve deletions, insertions, nonsense 
mutations, missense mutations or intronic mutations and may occur anywhere within 
the gene (Yohay, 2006). Generally little relationship is seen between particular 
mutations and the NF1 phenotype except for those individuals with deletion of the 
entire gene. This occurs in approximately 5% of individuals with NF1 and tends to 
result in more serious complications including higher neurofibroma load, dysmorphic 
facial features, greater risk of cognitive impairment and malignancy (Williams et al., 
2009). 
2.1.3.1 Neurofibromin 
The NF1 gene was first identified and cloned in 1990 and includes 60 exons and 
350kb of genomic DNA (Viskochil et al., 1990; Wallace et al., 1990). The NF1 gene 
encodes a large cytoplasmic protein, neurofibromin, which is expressed in a variety of 
tissues but most notably the brain (Daston & Ratner, 1992; Gutmann, Geist, Rose, & 
Wright, 1995). In the brain it is detected mainly in neurons with lesser amounts in 
oligodendrocytes and astrocytes (Li, Cheng, Gutmann, & Mangoura, 2001). 
Neurofibromin shares sequence similarity with guanosine triphosphatase (GTPase) 
activating proteins and interacts with RAS (North, 1998b; Xu et al., 1990), a 
guanosine triphosphate (GTP)-binding protein associated with cell growth (Yohay, 
2006). When bound to GTP, RAS is active and when it is bound to guanosine 
diphosphate (GDP) it is inactive (Ward & Gutmann, 2005). Neurofibromin is 
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important for maintaining RAS in its inactive (GDP) form and also for assisting in 
converting the GTP form of RAS to GDP-RAS (Yohay, 2006). Thus absence of 
neurofibromin results in increased active (GTP) RAS which causes dysregulated cell 
growth and may stimulate tumour formation (Bollag et al., 1996; Bollag & 
McCormick, 1991; Xu et al., 1990). 
2.1.4 Clinical features 
The main clinical features of NF1 involve the skin, bone and nervous system. The 
complications experienced can be widespread and vary considerably between 
individuals (see Table 2.2) (Ferner et al., 2007a). More than half of those with the 
disorder will only experience mild symptomatology. Approximately 40% of all 
individuals with NF1 will encounter some medical problems relating to the disorder 
and about 20% will suffer severe complications (Huson, 1989; North, 1998b).
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Table 2.2. Frequency and age of presentation of clinical manifestations of NF1 
(Ferner et al., 2007a) 
  Age of onset (years) Frequency (%) 
Café au lait patches Birth-12 >99% 
Skin-fold freckling >3 85% 
Lisch nodules >3 >95% 
Cutaneous neurofibromas >7 (usually late teens) >99% 
Plexiform neurofibromas: visible Birth 26.7% 
Deep-seated Birth> 44% abdomen/pelvis; 20% thorax 
Malignant peripheral nerve sheath tumour 5-75 2-5% (8-13% lifetime risk) 
Scoliosis Birth-18 10% 
Scoliosis requiring surgery Birth-18 5% 
Pseudarthrosis of the tibia Birth-3 2% 
Cognitive impairment with IQ<70 Birth 4-8% 
Learning problems Birth 30-60% 
ADHD Birth 38% 
Epilepsy Lifelong 6-7% 
Optic pathway glioma Birth-7 (rarely up to 30) 15% 
Cerebral glioma Lifelong 2-3% 
Aqueduct stenosis Lifelong 1.50% 
Sphenoid wing dysplasia Birth 1% 
Macrocephaly Birth 45% 
Stature at 10th-25th percentile Birth 30% 
      
 
2.1.4.1 Skin features 
Café-au-lait spots are present in most patients with NF1 (DeBella et al., 2000). They 
are generally evident from birth or develop in the first two years of life (Williams et 
al., 2009). These spots are typically 10 to 30mm in diameter, oval in shape and of 
uniform colour (see Figure 2.1) (Friedman, 2002). The number of café-au-lait macules 
varies between individuals from several to dozens and they can be located anywhere 
on the body except for the scalp, eyebrows, palms of the hands or soles of the feet 
(Friedman, 2002). 
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Figure 2-1. Café au lait spots 
Skinfold freckling is another common feature of NF1 that begins to appear in the 
axillary (see Figure 2.2) and inguinal regions between three and five years of age. 
Freckling may also be evident at the base of the neck, around the mouth and in 
women, under the breasts (Korf, 2002). 
Figure 2-2. Axillary freckling 
Neurofibromas are benign tumours of the peripheral nerve sheath and consist of two 
main types; cutaneous and plexiform (Payne & North, 2010). Cutaneous 
neurofibromas are found in most individuals with NF1 and are primarily 
asymptomatic. They are small raised nodules one to two centimetres in size (see 
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Figure 2.3) that involve the dermal or subcutaneous tissue (Payne & North, 2010). 
They tend to appear during late childhood (particularly during adolescence) and may 
increase during pregnancy (Boyd et al., 2009) . 
Figure 2-3. Cutaneous neurofibromas 
Plexiform neurofibromas are generally congenital in nature and appear as a soft tissue 
mass under the skin (see Figure 2-4) (Young, Hyman, & North, 2002). They tend to 
grow along the length of a nerve and can involve multiple nerve fascicles (Ferner, 
2007b). They are evident in approximately 27% of individuals with NF1 and are of 
particular concern due to their potential for malignancy and cosmetic disfigurement 
(North, 1998b). Plexiform neurofibromas have the potential to transform into 
malignant peripheral nerve sheath tumours (Ferner et al., 2007a). Patients with NF1 
have a lifetime risk of 8-13% of developing malignant peripheral nerve sheath 
tumours (Evans et al., 2002). 
Figure 2-4. Plexiform neurofibromas on the shoulder 
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2.1.4.2 Eye 
Lisch nodules are melanocytic hamartomas on the iris (see Figure 2-5)(Williams et al., 
2009). They have no effect on visual function but are a useful diagnostic tool as they 
are highly specific to NF1 (Korf, 2002). They are evident under a slit lamp in almost 
all individuals with NF1 (96%) by 20 years of age (North, 1993). 
Figure 2-5. Multiple Lisch nodules 
Optic pathway gliomas are tumours involving any part of the visual pathway (see 
Figure 2-6). They are the most frequently observed tumour to affect children with 
NF1 occurring in 15 to 20% of cases (Listernick, Ferner, Liu, & Gutmann, 2007).  
They may occur in the intraorbital portion of the optic nerves, the chiasm, the 
intracerebral visual pathways or a combination of any of these. Optic pathway 
gliomas are most common in children below six years of age although they can occur 
in older individuals (Listernick et al., 2004; Listernick, Louis, Packer, & Gutmann, 
1997). Many optic pathway gliomas are asymptomatic but in some cases, they may 
grow and result in visual disturbance or precocious puberty (Korf, 2002).  
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Figure 2-6. Optic pathway glioma 
2.1.4.3 Orthopaedic 
Individuals with NF1 may also experience a range of orthopaedic complications 
(Lammert et al., 2005). They are at increased risk for osteoporosis and osteopenia and 
may experience complications due to bone overgrowth or destruction as a result of 
plexiform neurofibromas (Ferner, 2007b).  
Congenital bowing of the long bone usually presents in early infancy (Crawford & 
Bagamery, 1986) and typically involves the tibia and fibula, and less commonly the 
radius and ulna (Tonsgard, 2006). This bowing occurs as a result of defective bone 
formation and can often result in fractures (see Figure 2-7) (Ferner et al., 2007a). As a 
consequence, due to incomplete healing, formation of a false joint (pseudarthrosis) 
may occur (Tonsgard, 2006). This disorder affects approximately 2% of individuals 
with NF1 (Ferner et al., 2007a). 
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Figure 2-7. Radial and ulnar bowing 
Scoliosis or curvature of the spine affects 10-26% of individuals with NF1 (Williams 
et al., 2009) and generally involves the lower cervical and upper thoracic spine (see 
Figure 2-8) (Ferner et al., 2007a). The majority of cases are mild and similar to those 
seen in the general population although there is also a more severe subtype specific to 
NF1, dystrophic scoliosis (North, 1998a). This more severe form of scoliosis involves 
a smaller portion of the spine (generally 4-6 segments) and results in an extremely 
angular curve (Ferner et al., 2007a; North, 1998a) 
Figure 2-8. Scoliosis 
2.1.4.4 Growth  
Growth abnormalities are common in NF1 (Tonsgard, 2006). Short stature, defined as 
height below the third percentile, is frequently observed with one study reporting this 
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occurring in 27% of children and adults with NF1 (North, 1993). This short stature is 
usually not related to any hormonal imbalance (Tonsgard, 2006). 
Macrocephaly is also common with almost 50% of individuals with NF1 recording a 
head circumference at or above the 97th percentile (North, 1998b). This large head 
size does not appear to be related to any intracranial or endocrinologic pathology 
(Tonsgard, 2006). 
2.1.4.5 Cardiovascular system 
Individuals with NF1 are also at increased risk of cardiovascular complications 
including vasculopathy, hypertension and congenital heart defects. Vasculopathy may 
include stenoses, aneurysms and arteriovenous malformations (Williams et al., 2009). 
While it is associated with increased mortality, most cases are asymptomatic (Ghosh, 
Rothner, Emch, Friedman, & Moodley, 2013). Vascular lesions may occur throughout 
the arterial tree but most commonly involve the renal arteries, with renal artery 
stenosis occurring in 1% of individuals with NF1 (Tonsgard, 2006). There is also an 
increased risk of stroke amongst both adults and children with NF1 (Terry, Jordan, 
Schwamm, & Plotkin, 2016). 
Hypertension has also been reported, although it tends to be less frequent in children 
compared to adults with NF1 (Young et al., 2002). Essential hypertension, when the 
exact cause is unknown, is also common in NF1 (Friedman et al., 2002). 
Hypertension may also occur as a result of renal artery stenosis, coarction of the aorta 
or occasionally pheochromocytoma (Williams et al., 2009). 
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Congenital heart defects are another reported complication of NF1 with 
approximately 0.4 to 6.4% of individuals affected (Lin et al., 2000). There is a high 
frequency of pulmonic stenosis, usually valvar (Friedman et al., 2002), meaning that 
the pulmonary valve is thickened and narrowed.  
2.1.4.6 Central nervous system 
There are a range of complications affecting the central nervous system of individuals 
with NF1 and these may include headaches, seizures, T2 hyperintensities and other 
neurological abnormalities. The incidence of headaches in individuals with NF1 is 
approximately 20% and most of these are in the form of migraines (Tonsgard, 2006). 
These headaches usually occur in the absence of structural lesions or increased 
intracranial pressure (Young et al., 2002). 
Seizures may occur in approximately 10% of those with NF1 and can include infantile 
spasms, primary generalised seizures and partial complex seizures (Huson, Harper, & 
Compston, 1988). Epilepsy has also been reported to affect approximately 6-7% of 
individuals with NF1 (Ferner, 2007). 
T2 hyperintensities or areas of bright T2 weighted signal intensity (unidentified bright 
objects) evident on magnetic resonance imaging (MRI), have been reported in 55-
90% of children with NF1 (Payne, Moharir, Webster, & North, 2010). It has been 
suggested that the frequency of T2-hyperintensities may even be as high as 100% as 
the sensitivity of imaging techniques increases (Gill, Hyman, Steinberg, & North, 
2006). T2-hyperintensities typically occur in the basal ganglia, internal capsule, brain 
stem and cerebellum and it has been suggested that they represent dysmyelination or 
an increase in water content in the brain (Korf, 2002). Generally T2-hyperintensities 
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seem to disappear over time and they are particularly rare after 30 years of age 
(Young et al., 2002).  Although several studies have reported a relationship between 
T2-hyperintensities and cognitive function, the majority have found no association 
and thus their clinical implication remains controversial (Korf, 2002; North, 1998). 
Further discussion of the relationship between T2-hyperintensities and cognition 
occurs in section 2.2.10.1.   
Megalencephaly or large brain volume is another neurological feature associated with 
NF1. Findings from a number of studies have indicated that this increase in brain 
volume is related to increased white matter (WM) volume (Cutting et al., 2002; 
Duarte et al., 2014; Said, Yeh, Greenwood, Tupler, & Krishnan, 1996; Steen et al., 
2001), while other findings suggest it is related to an increase in grey matter (GM) 
(Greenwood, Tupler, Whitt, & et al., 2005; Moore, Slopis, Jackson, De Winter, & 
Leeds, 2000a). Further a number of studies report an enlarged corpus callosum (Aydin 
et al., 2016; Cutting et al., 2002; Dubovsky et al., 2001; Kayl, Moore, Slopis, Jackson, 
& Leeds, 2000; Moore et al., 2000a; Pride et al., 2010; Steen et al., 2001). A study 
comparing corpus callosum size in children with NF1 to controls found that not only 
did they have an increase in corpus callosum size but also corpus callosum index 
(Pride et al., 2010). The increase in corpus callosum size was in excess of increased 
brain size and was linked to poorer performance in a number of cognitive domains 
(Pride et al., 2010). This is further discussed in section 2.2.10.1.  
In summary, individuals with NF1 are at increased risk of a range of complications 
throughout multiple systems in the body. Complications vary considerably between 
individuals and may occur throughout the lifespan highlighting the need for regular, 
thorough medical reviews. 
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2.2 Cognitive and psychosocial functioning in NF1 
Cognitive dysfunction is the most common complication of NF1 in childhood 
(Williams et al., 2009). Children with NF1 are also more likely to experience social 
and behavioural difficulties and to be diagnosed with neurodevelopmental disorders 
including ADHD and ASD (Lehtonen et al., 2013; Williams et al., 2009). Children 
with NF1 commonly experience difficulties in a range of areas including 
visuospatial/perceptual functioning, executive abilities, language, motor development 
and academic achievement  (Lehtonen et al., 2013; Ozonoff, 1999).  
In the following sections the various neurocognitive domains commonly affected 
from early childhood to adulthood are reviewed. There is a particular focus on areas 
of cognition which may affect literacy, including executive functioning and attention. 
There is also a brief discussion on the motor, social and behavioural difficulties 
frequently observed in children with NF1. This is followed by a description of the 
possible neurobiological factors which may affect cognition in individuals with NF1 
and finally pharmacological treatments aiming to target neurobiological 
abnormalities. Although the cognitive, motor, social and behavioural complications 
that may arise in individuals with NF1 are discussed with reference to the entire 
lifespan, the primary focus of this review is on the childhood years.  
2.2.1 Mental development in early childhood (birth to 6 years of age) 
Much of the research into the cognitive abilities of children with NF1 has focused on 
middle to late childhood (7-16 years) and only a handful of studies have examined the 
mental development of young children prior to school age.  Legius and colleagues 
(1994) examined the cognitive abilities of 31 children with NF1 aged 17 months to six 
years.  Results indicated that these young children displayed delays in language and 
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motor development (Legius et al., 1994). While another larger study assessing 90 
toddlers with NF1 (mean age 34 months) reported abnormal motor development with 
both fine and gross motor abilities falling below age expectations (mean standard 
score <90) (Samango-Sprouse et al., 1994 cited in Samango-Sprouse, 1999). Further, 
children with familial NF1 were reported to have impaired cognitive performance, 
and receptive and expressive language abilities (mean standard score <90) (Samango-
Sprouse et al., 1994 cited in Samango-Sprouse, 1999). These studies were the first to 
indicate that cognitive deficits were evident in young children with NF1.  
More recently, a more rigorous investigation of the cognitive, motor and language 
abilities of young children with NF1 was conducted. In the first study, 39 toddlers 
(aged 21-30 months) with NF1 had significantly delayed mental and motor 
development when compared to control children of the same age (Lorenzo, Barton, 
Acosta, & North, 2010). On average the mental development of children with NF1 
fell within the low average range but approximately 31% had a mental development 
score in the mildly delayed range (1.5 standard deviations [SD] below the mean) 
(Lorenzo et al., 2010). In the second study, 43 children NF1 (aged 40 months) were 
matched by age, sex and maternal years of education to unaffected children. Results 
from this case control study indicated that the NF1 group displayed significantly 
poorer intellectual functioning compared to unaffected children, with a mean 
difference of 12 to 16 points across IQ composite scores (Lorenzo et al., 2013). 
Finally, a longitudinal study conducted by the same group of investigators following 
the cognitive development of children from 21 months to 40 months of age not only 
identified poorer cognitive function in children with NF1, compared to controls, but 
also found that these weaknesses in cognitive performance were consistent over time 
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(Lorenzo, Barton, Arnold, & North, 2015). These three studies provide the first clear 
evidence that cognitive deficits can be identified as early as two years in children with 
NF1. Also, as participants were matched by mother’s years of education, which may 
impact on cognition (Nisbett et al., 2012), these results highlight the specific influence 
of the NF1 gene on cognitive performance. Further, these findings indicate that 
discrepancies in cognitive abilities between children with NF1 and unaffected 
children are consistent over time.  
In addition to the delays seen in toddlers with NF1, cognitive difficulties have also 
been reported in preschool children. Sangster, Shores, Watt and North  (2011) 
reported that preschool children with NF1 (n= 26, mean age = 5 years, 3 months) 
performed significantly lower on a measure of general intellectual functioning 
compared with a peer comparison group (n = 21, mean age = 4 years, 8 months). 
Similarly Klein-Tasman and colleagues (Klein-Tasman et al., 2014) assessed 40 
children with NF1 (aged 3-6 years) and found weaker cognitive abilities across all 
domains assessed (i.e. general cognitive ability, verbal, nonverbal, spatial) compared 
to unaffected children (n = 37). Further they reported that difficulties (score at least 1 
SD below mean) in at least one area were evident in 45% of children with NF1 
(Klein-Tasman et al., 2014). While there were no significant group differences in 
attention or psychosocial functioning at the broad scale level, a relationship between 
stronger intellectual functioning and stronger social skills and less attention problems 
was identified (Klein-Tasman et al., 2014). In combination, findings from these two 
studies add to previous findings in younger children indicating that distinct 
weaknesses in intellectual functioning are evident in children prior to school age. 
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These weaknesses resemble those evident in school-age children which are further 
discussed in section 2.2.2.  
In summary, there is limited research on the cognitive functioning of children in this 
younger age range. Further studies are needed to explore the relationship between 
children’s intellectual functioning and other aspects of cognition and behaviour, such 
as early academic abilities in preschool children. Well-designed cross-sectional 
studies with large cohorts and control groups, in combination with longitudinal 
studies, are needed to identify critical periods where deficits may emerge and any 
potential risk and protective factors. This information will be valuable to help guide 
the design and implementation of effective early intervention. 
2.2.2 General intellectual functioning in middle to late childhood 
Prior to 1980, reports of intellectual functioning overestimated the incidence of 
intellectual disability in NF1 (North, 1997b). Intellectual disability, according to the 
Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) 
(American Psychiatric Association, 2013), is currently diagnosed according to the 
following three criteria: a) deficits in intellectual function (i.e. Full-scale IQ [FSIQ] 
<70); b) significant impairment in adaptive functioning that results in failure to meet 
appropriate standards for personal independence and social responsibility; and c) the 
onset of intellectual and adaptive functioning deficits occur during the developmental 
period (American Psychiatric Association, 2013). More recent research has indicated 
that the reports on the high frequency of intellectual disability in NF1 (i.e. 18%)(Cole 
& Myers, 1978) was a result of ascertainment bias and other methodological problems 
(North, 1997b; Ozonoff, 1999) and that the incidence of intellectual disability is 
typically between 4% to 8% (Ferner, Hughes, & Weinman, 1996; Hyman et al., 2005; 
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North et al., 1994). While this is approximately double the rate of intellectual 
disability occurring in the general population it is still much less than observed in 
other neurogenetic disorders such as Turner syndrome and Fragile X syndrome 
(Acosta, Gioia, & Silva, 2006). 
The majority of studies report that intellectual functioning in individuals with NF1 
falls within the average range (Kayl & Moore, 2000). When compared to unaffected 
siblings, controls and normative values, many studies report a “downward shift” in IQ 
scores of children with NF1 (Levine, Materek, Abel, O'Donnell, & Cutting, 2006). On 
average, children’s FSIQ scores fall between the high 80’s to low 90’s (Cutting et al., 
2000; Eldridge et al., 1989; Ferner et al., 1996; Hofman et al., 1994; Hyman et al., 
2005; Krab, Femke, et al., 2008; Legius et al., 1994; Lehtonen et al., 2015; Levine et 
al., 2006; Mazzocco et al., 1995; North et al., 1995; Ozonoff, 1999). 
Several earlier studies examining the cognitive profile of NF1 found significant 
discrepancies between children’s verbal IQ (VIQ) and performance IQ (PIQ) scores 
(VIQ>PIQ) and as a result it was initially proposed that cognitive impairments in NF1 
were predominantly non-verbal (Eldridge et al., 1989; Eliason, 1986; Legius et al., 
1994). However, later studies have reported that verbal impairments (e.g. language, 
reading, spelling) are equally as common in NF1 (Mazzocco et al., 1995; Moore, 
Slopis, Schomer, Jackson, & Levy, 1996; North et al., 1994) and thus it seems that 
there is no distinct IQ impairment profile (i.e. nonverbal) for children with NF1 
(North et al., 1997a).  
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2.2.3 Learning difficulties and academic achievement 
It is estimated that 20% to 75% of children with NF1 experience some sort of learning 
disability (LD) (Vogel et al., 2017); making it one of the most frequently reported 
complications of the disorder (Lehtonen et al., 2013). The current definition of a LD 
or specific learning disorder (SLD), according to the DSM-5 (American Psychiatric 
Association, 2013), is that; a) there are significant difficulties in academic abilities 
(e.g. reading, written expression, mathematics) which have been present for at least 
six months despite targeted intervention; b) the affected academic abilities are 
significantly below age expectations and impact on academic, occupational or 
everyday functioning; c) the onset of difficulties occurs during school-age years and 
d) the difficulties are not better explained by other disorders (e.g. intellectual 
disability, auditory/visual disturbance, neurological conditions) or adverse conditions 
(e.g. psychosocial adversity, inadequate instruction). In contrast, the previous 
definition of a LD according to the Diagnostic and Statistical Manual of Mental 
Disorders, Fourth Edition, Text Revised (DSM-IV-TR; American Psychiatric 
Association, 2000) was performance falling significantly below that expected 
according to an individual’s age, schooling and intellectual functioning on a 
standardised measure of academic abilities (i.e. reading, spelling, written expression, 
mathematics). In line with this DSM-IV-TR (American Psychiatric Association, 
2000) definition, several NF1 studies defined LD as a significant discrepancy between 
intellectual functioning (IQ) and academic achievement (Dilts et al., 1996; Hofman et 
al., 1994; Hyman et al., 2005; Mazzocco et al., 1995; Watt et al., 2008). Although 
there are often differences between studies around the interpretation of what a 
significant discrepancy is (Hyman et al., 2006; Krab, Femke, et al., 2008; Orraca-
Castillo et al., 2014). In contrast, some studies simply defined LD according to 
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absolute performance scores (North et al., 1995). As a result of this wide range of 
definitions, there is great variability in the reported incidence of LD/SLD in children 
with NF1 (Lehtonen et al., 2013).  
In a study conducted by North et al. (1995),  65% of 40 school-age children with NF1 
had an impairment in reading, spelling or mathematics. Impairment in reading and 
spelling was defined as performing at least two years below chronological age norms. 
Impairment in mathematics was defined as performance less than 1.96 standard 
deviations below the mean (North et al., 1995). In a later study, Hyman and 
colleagues (2006) defined SLD as academic difficulties (performance score falling at 
least 1 SD below the mean) being present in an individual with normal IQ. This is in 
contrast to a general learning disability (GLD) which they defined as a low IQ (≤80) 
and poor academic achievement without a significant IQ-achievement discrepancy 
(Hyman et al., 2006). Using these criteria, their results indicated that of a sample of 
81 children with NF1, 20% met the criteria for a SLD, 32% could be classified as 
having a GLD and the remainder were functioning normally academically. 
Interestingly there was a significant gender effect with almost all of those diagnosed 
with an SLD being males (15 out of 16) (Hyman et al., 2006). Thus Hyman et al. 
(2006) concluded that males with NF1 are at a much greater risk of SLD, while 
females with NF1 are at no greater risk than those in the general population. 
Learning difficulties have also been reported in children with NF1 where their first 
language is not English. In a Dutch study, teacher questionnaires were used to 
examine the academic performance of Dutch children aged between seven and 17 
years (Krab, Femke, et al., 2008). They reported that 75% of children were displaying 
significant difficulty (performance 1 SD below normative mean) in at least one 
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academic area. In addition, children with NF1 had a four-fold greater risk for 
attending special education (Krab, Femke, et al., 2008). Another study examined the 
incidence of reading (developmental dyslexia) and maths (developmental dyscalculia) 
LD in 32 Spanish-speaking children with NF1 (Orraca-Castillo et al., 2014). Using 
criteria of at least two SD below the normative mean and normal intellectual 
functioning they reported that 18.8% had dyscalculia and 50% had dyslexia. A 
significant gender difference was found for the incidence of dyscalculia with the male 
to female ratio reported as 5:1. There was no gender difference in the incidence of 
dyslexia (Orraca-Castillo et al., 2014).  
2.2.3.1 Mathematics 
As described previously, school-age children with NF1 are at greater risk of a range 
of learning difficulties including specific academic impairments in reading, spelling 
and writing.  These literacy difficulties are described in more detail in section 2.4.  In 
addition to literacy difficulties, children with NF1 are also at increased risk for 
difficulties related to mathematics (Levine et al., 2006). Study findings indicate that 
children with NF1 perform more poorly on general mathematics measures compared 
to age/grade norms (De Winter, Moore, Slopis, Ater, & Copeland, 1999; Hofman et 
al., 1994; Krab, Femke, et al., 2008; Lehtonen et al., 2015) and unaffected siblings 
(Dilts et al., 1996; Hyman et al., 2005). They also display difficulties on specific 
measures of calculations and applied problems (Cutting et al., 2000; Mazzocco et al., 
1995). Levels of impairment and SLD in mathematics are often reported at similar 
rates or occasionally higher than those for reading and spelling. Hyman and 
colleagues (2006) reported the incidence of SLD (discrepancy definition) in 
mathematics to be 9.9%. Whereas De Winter at al. (1999) reported that 21.2% of 
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children scored in the severely impaired range (2 SD below the normative mean) on a 
measure of arithmetic, compared to 16.8% and 16.3% for spelling and reading 
respectively. Krab et al (2008) reported similar rates (23%) using a slightly different 
criteria for LD in mathematics (normal IQ and performance 1 SD below mean). As 
previously mentioned Orraca-Castillo et al. (2014) reported that 18.8% of children 
assessed had dyscalculia, or a LD  in mathematics. Finally there is some evidence to 
suggest that children with a LD in mathematics are at greater risk of LD in reading 
(Mazzocco, 2001; Orraca-Castillo et al., 2014), although this is an area that needs 
further exploration.  
In summary, despite the variance in reported rates of LD/SLD it is clear that 
impairment in academic performance is one of the most common complications of 
NF1 in childhood (Lehtonen et al., 2013). Study findings indicate that children with 
NF1 are at increased risk of difficulties in all academic domains. In line with findings 
in the general population (Landerl & Moll, 2010; Rutter, Caspi, Fergusson, & et al., 
2004), there is some evidence to suggest that males with NF1 are at increased risk of 
LD and also that children with a LD in one domain, are at greater risk of LD in other 
academic areas. To date, little is known about early signs of LD in young children 
with NF1. While Lorenzo et al (2010) reported that signs of language and cognitive 
impairments can be detected as early as 21 months in children with NF1 further 
research is needed to identify specific early markers of those children at risk for later 
learning difficulties. 
2.2.4 Visuospatial and perceptual skills 
Often considered a hallmark feature of NF1, visuospatial deficits are one of the most 
robust findings of research in this population (Lehtonen et al., 2013). Administration 
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of the Judgement of Line Orientation test (JLO; Benton, Varney, & Hamsher, 1976) 
consistently yields abnormal results and is viewed to be one of the best indicators of 
the neuropsychological deficits related to NF1 (North, 2000). Hyman et al (2005) 
reported that on average, school-age children with NF1 performed significantly 
poorer (1 SD) than their unaffected siblings on the JLO. Fifty-six percent of the 
children with NF1 assessed fell more than one SD below the mean when compared 
with population norms (Hyman et al., 2005). Poor performance on other tests of 
visuospatial and perceptual abilities such as the Test of Visual Perceptual Skills, 
Revised (TVPS-R; Gardner, 1996) (Sangster et al., 2011) and the Birmingham Object 
Recognition Battery (Riddoch & Humphreys, 1993) has also been reported (Hyman et 
al., 2005).  
Children with NF1 have also been found to experience difficulty with constructing 
patterns with blocks, assembling puzzles and copying abstract drawings (Hyman et 
al., 2005; Kayl & Moore, 2000; Mazzocco et al., 1995; Schrimsher, Billingsley, 
Slopis, & Moore, 2003). In addition, a review of NF1 studies indicated that 
approximately half of the studies reported that children with NF1 had visuomotor 
difficulties when compared to siblings, controls or normative data (Levine et al., 
2006). In addition, study findings indicate that the performance of school-age children 
with NF1 was poorer than controls and normative data on the Beery Test of 
Visuomotor Integration (Beery & Beery, 2004) (i.e. Dilts et al., 1996; Eliason, 1986; 
Hyman et al., 2003); and the Rey-Osterreith Complex Figure test (Meyers & Meyers, 
1995) (i.e. Descheemaeker, Ghesquière, Symons, Fryns, & Legius, 2005; Hyman et 
al., 2005; Mazzocco et al., 1995; Meyers & Meyers, 1995).  
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Finally a recent study (Payne, Barton, Shores, & North, 2013) used the Paired 
Associate Learning task from the Cambridge Neuropsychological Test Automated 
Battery (CANTAB)(Sahakian et al., 1988) to assess the visuospatial learning abilities 
of children with NF1. Compared to unaffected children, the NF1 group demonstrated 
significantly poorer ability to establish an association between a spatial location and a 
visual pattern (Payne, Barton, et al., 2013). Children with NF1 made more errors 
across all levels of the task, identified less patterns on the initial level of the task and 
required more attempts to complete the task correctly (Payne, Barton, et al., 2013). It 
was concluded that visuospatial learning deficits are a core feature of the NF1 
cognitive profile (Payne, Barton, et al., 2013).   
Collectively these studies indicate that school-aged children with NF1 consistently 
demonstrate widespread perceptual difficulties including visuospatial constructional 
and organisational weaknesses. These difficulties also appear to be present in 
preschool children with NF1 (Sangster et al., 2011). Despite these consistent reports 
of visuospatial deficits it is not always clear how performance on various measures is 
influenced by other confounding factors. For example, performance on tasks such as 
the JLO, Rey-Osterreith Complex Figure and PAL tasks are likely influenced by other 
cognitive factors such as executive functioning (Cutting et al., 2000; Lehtonen et al., 
2013) or IQ (Cutting & Levine, 2010; Payne, Barton, et al., 2013). Further 
performance on the Beery Test of Visuomotor Integration may be influenced by poor 
fine motor skills, which commonly occurs in children with NF1 and is discussed 
further in section 2.2.8. In addition, there appears to be a relationship between 
visuospatial functioning and reading skills in children with NF1. Poor reading 
comprehension (Mazzocco et al., 1995), as well as poor word reading (Cutting & 
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Levine, 2010), has been found to be significantly related to poorer visuospatial 
functioning. This is discussed in more detail in section 2.4.2.3. 
2.2.5 Executive functioning 
Early anecdotal reports indicated that poor problem-solving skills were common in 
children with NF1 (North et al., 1995). These reports have resulted in a growing 
interest in investigating executive difficulties in NF1. Executive functioning describes 
a group of higher level processes which are of critical importance for a range of 
complex human behaviours (Pennington & Ozonoff, 1996), particularly goal-oriented 
behaviour (Welsh & Pennington, 1989). Executive functioning typically involves 
selection of a specific action in a particular context, usually while being presented 
with competing but inappropriate responses (Pennington & Ozonoff, 1996). It plays a 
critical role in academic and social success as well as cognitive and psychological 
development (Diamond, 2013). Executive functioning includes processes such as 
response inhibition, planning, fluency, cognitive flexibility or set-shifting and 
working memory (Pennington & Ozonoff, 1996). While there are overlaps between 
the domains of attention and executive functioning (Pennington & Ozonoff, 1996), in 
this literature review, attention will be discussed separately in section 2.2.6.  
Most studies reporting on executive functioning in NF1 have typically used two 
methods to assess executive abilities: 1) parent or teacher completed questionnaires 
rating children’s behaviour such as the Behavioral Rating Inventory of Executive 
Functions (BRIEF; Gioia, Isquith, Guy, & Kenworthy, 2000) or 2) 
neuropsychological measures such as the Tower of London (Krikorian, Bartok, & 
Gay, 1994), and Wisconsin Card Sorting test (Heaton, Chelune, Talley, Kay, & 
Curtiss, 1993). A range of executive impairments have been identified in children 
56 
with NF1 both on questionnaire and neuropsychological measures including 
weaknesses in planning and organisation (Galasso et al., 2014; Gilboa, Rosenblum, 
Fattal-Valevski, Toledano-Alhadef, & Josman, 2014; Hofman et al., 1994; Hyman et 
al., 2005; Lehtonen et al., 2015; Pride et al., 2010; Roy et al., 2010), inhibition 
(Descheemaeker et al., 2005; Ferner et al., 1996; Gilboa et al., 2011; Huijbregts, 
Swaab, & De Sonneville, 2010; Hyman et al., 2005; Isenberg, Templer, Gao, Titus, & 
Gutmann, 2013; Lehtonen et al., 2015; Mautner, Kluwe, Thakker, & Leark, 2002; 
Rowbotham, Pit-ten Cate, Sonuga-Barke, & Huijbregts, 2009) and cognitive 
flexibility (Descheemaeker et al., 2005; Hofman et al., 1994; Rowbotham et al., 2009; 
Roy et al., 2014). Working memory impairments, or difficulties holding information 
in mind while completing a task, are also frequently reported in children with NF1 
(Champion, Rose, Payne, Burns, & North, 2014; Ferner et al., 1996; Gilboa et al., 
2014; Huijbregts, Swaab, et al., 2010; Lehtonen et al., 2015; Rowbotham et al., 2009; 
Sangster et al., 2011; Ullrich, Ayr, Leaffer, Irons, & Rey-Casserly, 2010). 
One of the largest studies examining executive functioning in children with NF1 (n 
=199) compared to sibling controls (n=55) reported that working memory, self-
monitoring and planning and organisation were the most common areas of functional 
impairment as assessed by the BRIEF (Payne, Hyman, Shores, & North, 2011). 
Although deficits were also evident in other executive domains such as inhibition, 
shifting, initiating activities, and emotional control reflecting the high incidence of 
executive deficits in NF1 (Payne et al., 2011). Another study also reported significant 
weaknesses in working memory and response inhibition in children with NF1 
compared to controls (Payne, Arnold, Pride, & North, 2012). In addition, it was found 
that executive functioning impairments were present at the same level of severity 
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between children with NF1 and ADHD, and those without ADHD indicating that 
executive difficulties are a core feature of the NF1 phenotype (Payne et al., 2012). 
Finally a recent study assessed the executive functioning abilities of children with 
NF1 aged eight to 18 years (Plasschaert et al., 2016) using a combination of objective 
measures and questionnaires. Children with NF1 displayed deficits in all domains 
assessed including inhibition, cognitive flexibility, planning and working memory. 
Interestingly deficits in generativity or the verbal fluency (ability to generate new 
ideas) of children with NF1 were found, which had not been reported previously. It 
was also found that most executive deficits (except response inhibition) remained 
significant after controlling for IQ (Plasschaert et al., 2016) adding support to the 
premise that executive dysfunction is a central component of the NF1 cognitive 
profile. 
Despite the reports of widespread executive deficits in children with NF1 there is 
some controversy as to whether these represent real-world functional deficits. Payne 
and colleagues (2011) compared children’s performance on standardised objective 
cognitive measures of executive functioning to questionnaire ratings of functional 
executive behaviour as assessed by the BRIEF. Despite significant difficulties 
reported on all BRIEF scales, corresponding difficulties were not displayed by 
children on many of the cognitive measures indicating the relationship between 
cognitive and functional measures is inconsistent (Payne et al., 2011). These results 
indicate there is a need for the use of formal executive measures that have greater 
ecological validity and simulate real-life situations such as the Behavioural 
Assessment of the Dysexecutive Syndrome in Children (BADS-C; Emslie, Wilson, 
Burden, Nimmo-Smith, & Wilson, 2003) (Payne et al., 2011). Further these findings 
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highlight the importance of using a combination of functional and cognitive measures 
to assess children’s neuropsychological functioning (Payne et al., 2011). The authors 
concluded that relying on children’s performance on a single cognitive measure to 
provide reliable and valid evidence of real-word abilities may be problematic (Payne 
et al., 2011).  
In the general population, stronger executive functioning is significantly associated 
with better academic performance (Biederman et al., 2004; Diamond, 2013; St Clair-
Thompson & Gathercole, 2006). In particular, greater working memory capacity has 
been linked to better outcomes in English, Mathematics and Science (Gathercole, 
Pickering, Knight, & Stegmann, 2004; St Clair-Thompson & Gathercole, 2006). It has 
been proposed that working memory plays a critical role in children’s ability to 
acquire skills and accumulate knowledge (St Clair-Thompson & Gathercole, 2006). 
Further working memory is necessary for comprehending language (both spoken and 
printed), completing mental arithmetic, following through on instructions and a range 
of other tasks (Diamond, 2013) which are needed in the classroom. The impact of 
executive deficits on the academic performance of children with NF1 has not been 
extensively explored.  Pride and colleagues (2012) compared the performance of 
children with NF1 only to children with NF1 and ADHD. They found that for 
children with NF1 only, poorer performance on a measure of planning (Tower subtest 
from A developmental neuropsychological assessment [NEPSY]; Korkman, Kirk, & 
Kemp, 1998) was predictive of poorer academic performance (Pride et al., 2012). For 
children with NF1 and ADHD, parent ratings of more executive impairments as 
assessed by the BRIEF (i.e. Global Executive Composite [GEC], a global measure of 
executive functioning) predicted poorer academic skills. In addition, weaknesses on a 
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measure of attentional control, creature counting from the Test of Everyday Attention 
for Children (TEA-Ch; Manly et al., 2001), which also taps into working memory, 
inhibition and cognitive flexibility, was a significant predictor of poorer academic 
achievement in both groups (Pride et al., 2012). Consequently the authors concluded 
that the academic difficulties experienced by children with NF1 is partially explained 
by difficulties related to manipulating information in mind, inhibiting responses and 
shifting attention (Pride et al., 2012). In addition, findings from this study indicate 
that executive dysfunction undermines academic performance in children with NF1, 
regardless of ADHD diagnosis (Pride et al., 2012). 
Another study explored the relationship between executive functioning of children 
with NF1 and their academic competence as rated by teachers (Gilboa et al., 2014). 
Executive functioning was assessed using both BRIEF questionnaires and a 
neuropsychological measure which involved simulation of real-life situations, the 
BADS-C. Academic success was rated by teachers using the Academic Competence 
Evaluation Scales (ACES; DiPerna & Elliott, 1999). Results indicated that the 
performance of children with NF1 was significantly poorer than unaffected children 
on several BRIEF domains (i.e. initiate, working memory, plan/organise, organisation 
of materials) and BADS-C subtests (i.e. water, key search subtests) indicating 
significant executive weaknesses. Further it was reported that stronger performance 
on various BADS-C subtests (i.e. water, key search, zoo map 1) were significantly 
correlated to higher ratings on the Academic skills component of the ACES (Gilboa et 
al., 2014). In addition, stronger performance on measures of planning and 
organisation significantly predicted better academic skills providing support for the 
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findings of Pride et al. (2012) that impairments in executive functioning contribute to 
poorer academic performance (Gilboa et al., 2014). 
Finally, executive deficits have also been observed in adults with NF1. Ferner and 
colleagues (1996) reported that compared to controls, adults with NF1 were slower to 
develop and adapt strategies to cope with tasks that were complex or unfamiliar. 
Another study found that adults with NF1 demonstrated deficits in a number of 
executive abilities including reasoning, abstract though and mental flexibility (Zoller, 
Rembeck, & Backman, 1997). 
Despite the evidence that executive dysfunction is a common feature in NF1, the 
specific aspects of executive functioning which are consistently impaired, and the 
real-world implications of these impairments remain unclear. This lack of clarity is 
primarily due to different measures of executive function used across studies 
(Lehtonen et al., 2013), the tendency for studies to only measure a select number of 
executive functions (Ozonoff, 1999), and the questionable nature of the ecological 
validity of measures (Payne et al., 2011). In addition, while it is likely that children 
with NF1 and executive difficulties, will experience academic difficulties, further 
research is needed to clarify this relationship (Cutting, Clements, Lightman, Yerby-
Hammack, & Denckla, 2004). It remains to be established whether executive skills 
(such as working memory) that predict academic skills in the general population, may 
also be predictive of academic abilities in NF1. Also as interventions are developed 
and trialled for children with NF1 and LD, it is not known whether executive abilities 
may impact upon treatment efficacy. 
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2.2.6 Attention and Attention-Deficit/Hyperactivity Disorder (ADHD) 
A range of attentional processes have been examined in children with NF1 including: 
sustained attention or an inability to maintain concentration over an extended period 
(Mirsky, Pascualvaca, Duncan, & French, 1999); divided attention or the ability to 
attend to two different stimuli presented concurrently (Cooley & Morris, 1990); 
attentional control or switching attention from one task to another (Mirsky et al., 
1999); and selective attention or ignoring irrelevant stimuli (Cooley & Morris, 1990).  
Difficulties with sustained attention have been well-documented in children with 
NF1. Weaknesses have been observed on the TEA-Ch compared to controls and 
normative data (Hyman et al., 2005; Isenberg et al., 2013; Payne et al., 2012; Payne, 
Barton, et al., 2013; Payne et al., 2011). Also continuous performance tests (CPT) of 
sustained attention such as the Conners CPT (Conners, 2000) and the Test of 
Variables of Attention (Leark, Greenberg, Dupuy, Kindschi, & Corman, 1996) have 
revealed difficulties with inattention and also impulsivity (Ferner et al., 1996; Hyman 
et al., 2005; Isenberg et al., 2013; Mautner et al., 2002; Mazzocco et al., 1995).  
Results from the TEA-Ch have also indicated weaknesses in divided attention 
(Hyman et al., 2005, 2006; Isenberg et al., 2013; Payne et al., 2011; Pride et al., 2012) 
and switching attention or attentional control (Hyman et al., 2005) (Payne et al., 
2011; Pride et al., 2012). While selective attentional problems have also been reported 
in NF1 (Ferner et al., 1996; Payne et al., 2011; Pride et al., 2012) this is not a 
consistent finding with some studies reporting no significant differences compared to 
unaffected siblings (Hyman et al., 2005) or normative data (Isenberg et al., 2013). 
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Children with NF1 are also at increased risk of being diagnosed with ADHD. Figures 
range between a third to half of all children (Lehtonen et al., 2013) which is 
significantly higher than the rate of 5% reported in the general population (American 
Psychiatric Association, 2013). Hofman and colleagues (1994) assessed 12 families 
with NF1 and found that four out of 12 children met the criteria for ADHD. While 
another study found that ADHD was diagnosed in 42% of children with NF1, 
compared to only 13% of their unaffected siblings (Koth, Cutting, & Denckla, 2000). 
Similarly, Mautner and colleagues (2002) reported that 49.5% of children with NF1 (n 
= 93) assessed had ADHD. Other more recent studies have reported rates of ADHD 
ranging from 31% (Pride et al., 2012) to 42% (Isenberg et al., 2013). The variance in 
numbers of children diagnosed with ADHD most likely relates to the fact that 
different criteria is used across studies and many studies employ less formal means of 
diagnosis (Lehtonen et al., 2013). 
ADHD is typically characterised by significant difficulties related to inattention and 
hyperactivity/impulsivity. The DSM-5 (American Psychiatric Association, 2013) 
specifies three subtypes of ADHD: 1) primarily inattentive; 2) primarily 
hyperactive/impulsive or 3) combined inattentive and hyperactive/impulsive. One 
study reported that the majority of children with NF1 and ADHD fit the combined 
subtype (65%), a smaller percentage fit the inattentive (32%) subtype and very few 
the hyperactive-impulsive (3%) subtype (Hyman et al., 2005). These results were 
supported by Pride et al. (2012) who also found that the combined subtype (52%) was 
most common, followed by the inattentive subtype (35%). A much smaller percentage 
fit the hyperactive-impulsive subtype (13%) (Pride et al., 2012). In addition, ADHD 
tends to occur equally in boys and girls with NF1 (Hyman et al., 2005). This is in 
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contrast to the rates observed in the general population, where there is a much higher 
incidence of male versus female patients (approximately 2.28:1)(Ramtekkar, 
Reiersen, Todorov, & Todd, 2010). 
While in the general population, the symptoms of ADHD can impact on children’s 
academic performance (Frazier, Demaree, & Youngstrom, 2004), there have been 
very few studies examining this impact in children with NF1. One study conducted by 
Pride et al. (2012) compared the cognitive functioning and academic achievement of 
children with NF1 with and without ADHD to unaffected children. They found that 
31% of children with NF1 met diagnostic criteria for ADHD and that these children 
displayed poorer performance than children with NF1 without ADHD in a range of 
cognitive domains including sustained attention, language and academic performance 
(i.e. reading, spelling, mathematics) (Pride et al., 2012). These findings suggest that 
attention difficulties may significantly undermine the academic performance of 
children with NF1 although this areas needs further exploration. This would be 
consistent with findings regarding children with ADHD in the general population 
(Frazier et al., 2004). It has been suggested that this academic underperformance of 
children with ADHD is partially a result of the high rates of comorbidity between 
ADHD and LD such as dyslexia (Willcutt & Pennington, 2000). It may also result 
from the high incidence of executive deficits evident in ADHD (Pennington & 
Ozonoff, 1996) and the behavioural symptoms associated with the disorder which 
may interfere with learning (Frazier et al., 2004).  
While there has been extensive investigation into the attention skills of school-age 
children with NF1 only a few studies have examined attention in young children with 
NF1. Sangster et al. (2011) found that 47% of children with NF1 (n=17, aged 4 - 5 
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years) displayed significant attention difficulties (omissions/commissions T score 
>60), as measured by the Conners Kiddie CPT (K-CPT; Conners, 2001a). However, 
several studies have used parent-rated measures to assess attention in young children 
with NF1 and have reported no significant difficulties (Klein-Tasman et al., 2014; 
Lorenzo et al., 2010; Lorenzo et al., 2013). In contrast, Brei and colleagues (2014) 
reported a significant increase in ADHD symptomatology in a group of children with 
NF1 (4 - 6 years, n = 30). Klein-Tasman et al. (2014) suggests that contradictory 
results in this area likely represent the difficulty of reliably assessing attention in 
younger children. Assessment measures are typically more unreliable in this age 
group, primarily due to the variability of young children’s attention skills (Mahone & 
Schneider, 2012). In addition the use of motor-based assessment measures is 
problematic as younger children have greater difficulty with inhibiting responses 
(Mahone & Schneider, 2012).  Finally, there is also evidence indicating that there is 
greater variation in parent-rated measures of preschool children than older children 
(Stefanatos & Baron, 2007), indicating that parent report may be a less reliable 
indicator for young children. Despite the increased difficulties of reliably assessing 
attention skills in younger age groups (Mahone & Schneider, 2012), it is important to 
develop a better understanding of possible early signs of attention difficulties in 
young children with NF1 (Klein-Tasman et al., 2014) and when significant difficulties 
may emerge.  
To date, there is considerable evidence indicating that school-aged children with NF1 
are at significant risk of widespread attention difficulties and ADHD. A number of 
studies have indicated a possible relationship between attention problems and other 
impairments in NF1, including academic difficulties. This is an area that warrants 
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further investigation as impairment in academic performance is one of the most 
significant functional impacts of NF1. It would also be beneficial to further explore 
attention skills in younger children. Studies to date have primarily used parent 
questionnaires to assess attention in younger age groups and these may often be an 
unreliable means of identifying attention problems (Stefanatos & Baron, 2007). 
Further investigation using a combination of assessment methods (i.e. parent 
interview/questionnaire, observation, psychometric assessment) may produce more 
reliable results (Mahone & Schneider, 2012). It would also be beneficial to explore 
how attention skills in young children with NF1 may relate to other cognitive abilities, 
particularly language and early literacy skills. There is evidence in the general 
population that attention problems in preschool children may interfere with the 
development of early literacy skills (Walcott, Scheemaker, & Bielski, 2010).  
2.2.7 Memory 
Research investigating the memory skills of individuals with NF1 has produced 
inconsistent results (Lehtonen et al., 2013). While some studies have reported verbal 
or visual memory deficits (Ferner et al., 1996; Payne, Barton, et al., 2013; Ullrich et 
al., 2010), others have not (Hofman et al., 1994; Hyman et al., 2005; Joy, Roberts, 
North, & de Silva, 1995). Billingsley et al. (2003a) reported that the performance of 
children with NF1 was significantly poorer than controls on a verbal memory task but 
not on a spatial memory task. In contrast, Ullrich and colleagues (2010) reported 
significant impairments in spatial memory in children with NF1 (n=11) when 
compared to unaffected siblings (n=6). In this study, children completed a 
computerised Arena maze task that required them to navigate around a virtual room 
and use spatial cues to locate a target. It was proposed that this task resembles the 
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Morris Water Maze task used in Nf1 mouse studies to evaluate spatial learning (see 
Section 2.2.10.2). In the Arena maze task, children were given a number of trials to 
practise locating the target. This was followed by a probe trial where the target was 
removed, and the time spent searching in the correct quadrant was recorded (Ullrich et 
al., 2010). The performance of children with NF1 was significantly poorer than 
controls on the probe trial and the authors concluded that their ability to remember the 
location of the target location was less secure indicating deficits in spatial memory 
(Ullrich et al., 2010). However, these results from this pilot study should be 
interpreted with caution given the small sample size.    
In summary, there is controversy regarding whether memory is impaired in NF1 and 
further investigation is needed. One explanation for differing results in this area may 
be that the measures used are tapping into a range of related cognitive constructs (i.e. 
executive functioning, visuospatial abilities). Consequently it is unclear whether the 
difficulties detected are attributable to true memory deficits or not (Levine et al., 
2006; North, Hyman, & Barton, 2002).  
2.2.8 Motor functioning 
While motor problems are commonly reported in children with NF1, the incidence of 
motor delays is unknown (Rosser & Packer, 2003). A number of studies have found 
both fine and gross motor delays, as well as visuomotor deficits (Cutting et al., 2004). 
Motor delay in young children with NF1 has been reported in a number of studies. 
Deficits include fine motor incoordination, delayed development of fine and gross 
motor skills (Legius et al., 1994), and abnormal neuromotor and perceptual motor 
development (Samango-Sprouse, 1999). Another study of toddlers with NF1 (aged 
21-30 months) found that one third of children with NF1 displayed below average 
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motor development (Lorenzo et al., 2010). These young children displayed a range of 
fine and gross motor deficits, indicating that motor dysfunction can be detected early 
in children with NF1 (Lorenzo et al., 2010). This is supported by parent ratings which 
indicate fine and gross motor delays in young children with NF1 (Soucy, Gao, 
Gutmann, & Dunn, 2012; Wessel, Gao, Gutmann, & Dunn, 2013). 
In older children with NF1 deficits of manual dexterity, coordination, balance, gait, 
station, motor control, running speed and agility, and ball skills have been observed 
when compared to unaffected siblings, controls and age norms (Champion et al., 
2014; Eldridge et al., 1989; Hofman et al., 1994; North et al., 1995; Rowbotham et al., 
2009). Further parental reports also indicate that children with NF1 have impaired 
motor skills (Dilts et al., 1996). A recent study of school-age children with NF1 
(n=46) reported that 72% of children displayed impaired balance and coordination 
skills (below the 17th centile), while 42% had impairments in running speed and 
agility (Champion et al., 2014). Interestingly a significant relationship between 
cognitive performance and gross motor abilities was identified, including a 
relationship between poorer spatial working memory and poorer motor performance 
(i.e. gait, running speed, agility). The authors reported that children with NF1 and 
cognitive deficits, particularly those in working memory and perceptual reasoning, are 
more likely to display poorer motor abilities (Champion et al., 2014). The authors 
proposed this relationship between executive and motor deficits may be due to 
corticostriatal network abnormalities (Champion et al., 2014). Further, recent studies 
using mouse models indicate that the muscle phenotype observed in NF1 may result 
from neurofibromin playing a role in metabolic regulation in muscle (Summers et al., 
2015). 
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As described in section 2.2.4 visuomotor difficulties, most commonly measured by 
the Beery Test of Visuomotor Integration (Dilts et al., 1996; Eliason, 1986; Hyman et 
al., 2003) indicate that children with NF1 experience significant fine motor 
difficulties. In contrast, other studies have suggested that visuomotor integration and 
fine motor skills are unaffected (Eldridge et al., 1989; Sangster et al., 2011). It is clear 
that further research is needed in this area to establish the incidence of visuomotor 
integration and fine motor impairments and whether these impairments are a result of 
primary deficits in the motor, visuospatial and/or executive domains and the impact 
they have on everyday tasks (e.g. handwriting; Cutting et al., 2004; Levine et al., 
2006). 
2.2.9 Social and emotional functioning 
In addition to cognitive and motor deficits, individuals with NF1 are at greater risk of 
social and emotional difficulties. Children with NF1 have often been described by 
their parents as shy, a loner or socially awkward. A study by Dilts et al. (1996) 
reported that children with NF1 were less functionally independent and had more 
difficulties interacting with peers than their unaffected siblings. A number of studies 
have used the Child Behaviour Checklist (CBCL; Achenbach, 1991) to assess social, 
emotional and behavioural functioning in children with NF1. Increased levels of 
attention and social problems are the most commonly reported issues (Barton & 
North, 2004; Dilts et al., 1996; Johnson, Saal, Lovell, & Schorry, 1999). Compared to 
unaffected children, increased levels of anxiety/depression have also been observed 
(Dilts et al., 1996) as well as difficulties related to somatic complaints, thought 
problems (Barton & North, 2004), withdrawal, and aggressive behaviour (Johnson et 
al., 1999). A study by Barton and North (2004) found that children with NF1 are at 
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increased risk of social problems, although those with a comorbid diagnosis of NF1 
and ADHD were found to be at much higher risk of social difficulties than children 
with NF1 without attentional problems (Barton & North, 2004).  
More recently a number of studies investigating the potential causes of impaired 
social functioning in NF1 have found that children with NF1 experience difficulties 
processing social information such as recognition of faces, facial expressions and 
emotions (Allen, Willard, Anderson, Hardy, & Bonner, 2016; Huijbregts, Jahja, De 
Sonneville, De Breij, & Swaab-Barneveld, 2010; Lewis et al., 2017). Consistent with 
these processing difficulties, several studies have reported higher levels of ASD in 
children with NF1. Walsh et al. (2013) reported that of 66 children with NF1, 13% 
fell within the severe clinical range (T score ≥75) and 27% in the mild/moderate range 
(T score = 60-74) for ASD symptoms on parent questionnaires. Similarly Garg et al. 
(2013) reported a high incidence of parent-reported ASD symptomatology in children 
with NF1 (n=109) with 29.4% and 26.6% falling in the severe clinical and 
mild/moderate range respectively. They also reported that 25% of children met 
criteria for ASD and ADHD according to questionnaire ratings (Garg et al., 2013). 
Although, it should be noted that neither of these studies include “gold-standard” 
ASD diagnostic assessments (i.e. a combination of behavioural, historical and parent 
reported information (Falkmer, Anderson, Falkmer, & Horlin, 2013) and as such can 
only provide an indication of the occurrence of symptoms of ASD in NF1 rather than 
the incidence of the disorder (Payne, 2013). 
Finally, the emotional difficulties reported in NF1 can persist into adulthood and 
Zoller et al. (1997) found 23% of individuals they assessed with NF1 also had a 
psychiatric illness. Other studies have reported that approximately one third of adults 
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with NF1 are diagnosed with a mental illness (Samuelsson & Riccardi, 1989; Zoller & 
Rembeck, 1999). 
2.2.10 Neurobiological factors underlying cognitive deficits and pharmacological 
treatments in NF1 
To date the biological constructs which underlie the cognitive deficits observed in 
NF1 are not completely understood. It is also unclear which cognitive difficulties, if 
any, may be reversible and which are more permanent in nature. Animal models are 
important investigatory tools by which the aetiology of deficits in cognition in NF1 
can be explored. They also provide a means to establish which deficits may be 
reversible. In addition, studies of neurological abnormalities contribute to our 
understanding of cognitive deficits in NF1 (Payne, Pride, & North, 2013). Imaging of 
brain structure also assists in identifying potential markers of dysfunction and 
abnormalities which may be irreversible in NF1. Functional imaging has the potential 
to demonstrate abnormalities in neurological processes that underlie cognitive 
dysfunction and ultimately may provide insight into whether treatments are successful 
(Payne et al., 2010). 
2.2.10.1 Structural and functional brain abnormalities related to cognition 
As described in section 2.1.4.6, T2-hyperintensities are frequently observed in 
individuals with NF1. It has been proposed that the occurrence of T2-hyperintensities 
specifically in the thalamus is related to cognitive impairment (Hyman, Gill, Shores, 
Steinberg, & North, 2007; Moore et al., 1996). One study indicated no significant 
relationship between the presence or amount of total T2-hyperintensities and 
cognitive performance of children with NF1 (Hyman et al., 2007). Although when 
specifically examining T2-hyperintensities in the thalamus, discrete T2-
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hyperintensities (n=6) were related to more severe cognitive impairment (i.e. 
significantly lower IQ) while diffuse T2-hyperintensities (n=28) were associated with 
more subtle cognitive difficulties (Hyman et al., 2007). Although given the small 
sample size of children with discrete T2-hyperintensities in the thalamus (n=6) these 
findings should be interpreted with caution.  
It is also proposed that in children with NF1 the number of T2-hyperintensities tend to 
resolve over time. A longitudinal study found that those with T2-hyperintensities 
during childhood demonstrated a significant reduction in the number and intensity of 
T2-hyperintensities when followed up as adults 18 years later (Payne et al., 2014). 
Lesions in basal ganglia, thalamus and brain stem were generally resolved while those 
in the cerebral hemisphere and deep white matter remained unchanged. Further those 
who had discrete T2-hyperintensities in childhood demonstrated an improvement in 
cognitive function over time in combination with a decrease in T2-hyperintensities 
(Payne et al., 2014). These findings suggest that resolution of T2-hyperintensities may 
result in improvements in cognitive performance, possibly due to an improvement in 
WM efficiency. It also indicates that T2-hyperintensities may be important predictors 
of cognition during childhood but not adulthood (Payne et al., 2014). 
Other structural abnormalities that have been linked to cognition include an increase 
in the corpus callosum size and index. As described in section 2.1.4.6 abnormalities in 
the corpus callosum have been observed in children with NF1. Moore and colleagues 
(2000a) examined the brain morphology of children with NF1 and found that a larger 
corpus callosum was related to a greater severity of LD. Another study investigated 
the possible relationship between corpus callosum morphology and a range of 
cognitive abilities (Pride et al., 2010). Reported findings included a significant 
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relationship between increased corpus callosum index and poorer performance on IQ, 
verbal memory, executive functioning and academic measures (reading and 
mathematics). Further, it was noted that an increase in thickness in the body of the 
corpus callosum may underlie the cognitive difficulties observed in children with NF1 
(Pride et al., 2010).    
There have been a limited number of studies using functional magnetic resonance 
imaging (fMRI) in NF1. One study investigated the functional neuroanatomy 
underlying the commonly observed visuospatial dysfunction in NF1 (Billingsley, 
2004). Children with NF1 were shown letters and numbers which were presented in a 
conventional manner, inverted or rotated. During this task, the NF1 group displayed 
greater activation in the posterior cortical regions compared to anterior regions 
(Billingsley, 2004). This was the reverse pattern to that evident amongst the control 
group. Further, during the inverted and rotated conditions, children with NF1 
displayed less signalling in the left superior temporal gyrus compared to controls 
(Billingsley, 2004). Conclusions drawn from study findings were that this increased 
posterior activation reflects the abnormalities in cortical morphology previously 
reported in NF1 (Billingsley et al., 2003a) and possible neuronal recruitment 
(Billingsley, 2004). Clements-Stephens et al. (2008) also investigated the visuospatial 
functioning of children with NF1 using fMRI. Children were presented with a 
modified version of the JLO and findings indicated that the NF1 group displayed 
greater activation in the left relative to right hemisphere across anterior and posterior 
regions (including parietal lobe and occipital cortices) (Clements-Stephens et al., 
2008). This was in contrast to controls who displayed greater right relative to left 
hemisphere activation. This suggests that visuospatial dysfunction in NF1 may be the 
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result of an inefficient right hemisphere network (Clements-Stephens et al., 2008). 
Additional studies investigating the relationship between language or literacy skills 
and neurological structure and function in NF1 are described in section 2.4.3. 
Despite indications that there are distinct neurological abnormalities evident in 
children with NF1 that likely impact cognition, to date there is little conclusive 
evidence regarding individual brain structures (Payne et al., 2010). Further research, 
using larger samples and appropriate control groups may help clarify the relationship 
between various structural and functional abnormalities and specific cognitive deficits 
observed in children with NF1. 
2.2.10.2 Animal models 
The high incidence of cognitive and learning difficulties reported in individuals with 
NF1 highlights the significant effect of neurofibromin upon neurological function 
(Ward & Gutmann, 2005). Mouse models are an important tool to demonstrate the 
role of atypical RAS pathway signalling and the Nf1 +/- mice, which are heterozygous 
for a mutation in the Nf1 gene, are often used to investigate potential underlying 
mechanisms of the cognitive dysfunction observed in NF1 (Shilyansky, Lee, & Silva, 
2010). These mice been genetically modified to demonstrate specific cognitive 
difficulties that are proposed to resemble the cognitive deficits observed in humans 
with NF1 (Silva et al., 1997). Performance on the Morris water maze (Morris, Garrud, 
Rawlins, & O'Keefe, 1982), is often used to demonstrate that Nf1+/- mice display 
spatial learning deficits since it sensitive to lesions in the hippocampal, where 
neurofibromin is highly expressed (Nordlund, Rizvi, Brannan, & Ratner, 1995). The 
Morris task requires mice to locate a hidden escape platform in a pool of water. The 
mice must use spatial cues to learn where the platform is located, and this typically 
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takes multiple attempts. Once the mice have been trained, the platform is removed 
and the experimenter conducts probe trials to determine the amount of time mice 
search for the escape platform in the correct area (Shilyansky et al., 2010). Results 
from one study indicated that wild-type mice spent more time searching for the 
hidden platform than Nf1 +/- mice and that 65% of Nf1 +/- mice performed poorly on 
the task (Silva et al., 1997). These findings indicate that the Nf1 +/- mice display 
deficits in hippocampal-based learning (Morris et al., 1982). Another study examined 
the attentional skills in Nf1 +/- mice using a lateralized reaction-time task which 
assessed the ability of the mice to maintain attention across space and time (Li et al., 
2005). Results demonstrated that the wild type mice responded more accurately to the 
task than the Nf1 +/- mice and the authors reported that this was a result of attention 
deficits present in the Nf1 +/- mice (Li et al., 2005). 
It has been hypothesised that these spatial learning and attention difficulties observed 
in Nf1 mice are caused by excessive RAS signalling and this results in increased 
gamma-amino butyric acid (GABA)-mediated inhibition and impaired long-term 
potentiation (Costa et al., 2002). Support for this is provided by animal studies which 
have used genetic and pharmacological methods to manipulate (decrease) RAS 
signalling and GABA inhibition and have reported the reversal of learning deficits in 
Nf1 mice (Costa & Silva, 2002).  
Due to study findings indicating that lovastatin can inhibit RAS activity (Mendola & 
Backer, 1990; Sebti, Tkalcevic, & Jani, 1991), its effectiveness in treating attention, 
spatial learning and response inhibition deficits observed in Nf1+/- mice was 
examined. Lovastatin is an inhibitor of three-hydroxy-3-methylglutaryl coenzyme A 
(HMG-CoA) reductase and is typically used to lower cholesterol in humans (Corvol et 
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al., 2003). Li et al. (2005) treated Nf1+/- mice and wild type mice with 10mg/kg of 
lovastatin per day over four days. They reported that the treatment resulted in 
inhibited RAS activity and rescue of the cognitive and long-term potentiation deficits 
in the Nf1+/- mice (Li et al., 2005). As mentioned previously, it has been proposed 
that deficits in long-term potentiation underlie the cognitive impairments in Nf1+/- 
mice (Costa et al., 2002). Therefore Li et al. (2005) concluded that their findings 
indicate that lovastatin may be suitable to treat the cognitive deficits in humans with 
NF1.  
Another preclinical study which also provided valuable insights for human clinical 
trials in NF1 investigated the use of methylphenidate, a stimulant medication typically 
used to treat ADHD symptomatology. Using Nf1 optic pathway glioma mice Brown 
and colleagues (2010) observed impairment in selective and non-selective attention, 
reduction in activity levels and exploratory behaviours and decreased dopamine levels 
in the striatum. After administering treatment of 20mg/kg of methylphenidate, they 
reported rescued non-selective attention (increased rearing) and exploratory 
behaviours (total ambulations) (Brown et al., 2010). Additional treatment targeting 
the dopaminergic pathway was then administered using L-dopa, which resulted in 
improvements in exploratory and attention-related behaviours and restored dopamine 
levels (Brown et al., 2010). The authors proposed that reduced dopamine levels 
underlie the attention deficits observed in Nf1 optic pathway glioma mice and 
consequently methylphenidate and related drug treatments are appropriate treatment 
options (Brown et al., 2010).  
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In summary, mouse models have provided critical information which has informed 
the design of pharmacological treatments of cognitive dysfunction in humans with 
NF1.  
2.2.10.3 Pharmacological interventions for cognitive and behavioural difficulties 
in humans with NF1 
There have been a number of studies that have examined the effectiveness of 
pharmacological treatments in improving the cognitive and behavioural difficulties 
observed in individuals with NF1. One treatment that has been investigated  is 
methylphenidate, which is a stimulant medication that has been shown to effectively 
treat symptoms of ADHD and also improve aspects of cognition in children and 
adolescents with ADHD (Coghill et al., 2014). While the underlying mechanism of 
action for methylphenidate is not well understood in humans, it has been hypothesised 
that it inhibits the reuptake of dopamine and norepinephrine in the brain (Volkow et 
al., 2001). Both of these transmitters play a critical role in regulating executive 
functioning and attention (del Campo, Chamberlain, Sahakian, & Robbins, 2011). 
One of the first treatment studies to be published investigated the effect of 
methylphenidate in 20 children with NF1 and ADHD (IQ<80 = 9, IQ>80=11) 
(Mautner et al., 2002). After 12 months of treatment, improvements were observed on 
parent and teacher-rated measures of children’s attention with large effect sizes 
reported (parent ratings: Cohen’s d = -3.66; teacher ratings: Cohen’s d = -2.68). 
Treatment also resulted in a reduction of parent-rated social problems (Cohen’s d = -
1.26) indicating that methylphenidate can result in improved attentional and social 
outcomes for children with NF1 (Mautner et al., 2002). However, the small sample 
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size of this study, open-label design, lack of placebo group and random allocation of 
participants to treatment limits the generalisability of these results. 
Following preclinical investigation into the use of methylphenidate, there have been a 
number of additional treatment studies investigating methylphenidate in children with 
NF1. One small retrospective study reported that 13 children with NF1 and comorbid 
ADHD showed significant improvements in their FSIQ after treatment (mean interval 
= 49.09 months) with methylphenidate (Lidzba, Granstroem, Leark, Kraegeloh-Mann, 
& Mautner, 2014). Following this, a clinical trial investigating the efficacy of 
methylphenidate in children with NF1 was conducted. Lion-Francios and colleagues 
(2014) enrolled 39 children (7-12 years) with NF1 and attention difficulties in a 
placebo, cross-over trial which consisted of four weeks of treatment, one week 
washout and then four weeks of placebo. Twenty children received treatment with 
methylphenidate in the first four-week period, with the remaining 19 receiving the 
placebo. Children then received the other treatment for four weeks (i.e. placebo or 
methylphenidate). The difference between baseline and the end of week four for the 
primary outcome measure, the Conners parent rating scale – short version (Conners, 
2009) was calculated for each treatment condition. Results indicated that the change 
in Conners scores while on methylphenidate was larger than the change observed 
while on placebo indicating a significant benefit of methylphenidate (Cohen’s d = -
0.41). The effect of methylphenidate on teacher versions of the Conners was not 
reported due to missing data (Lion-François et al., 2014).  While the results of this 
trial are promising it would be beneficial to have additional outcome measures (i.e. 
teacher ratings) to assess the impact of methylphenidate on ADHD symptomatology 
on academic and social functioning. 
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There have also been a number of clinical trials assessing the efficacy of statins in 
treating cognitive impairments in children and adults with NF1. Krab et al (2008) 
conducted a 12-week randomised control trial (RCT) of simvastatin (a statin similar to 
lovastatin) in children with NF1 aged eight to 16 years (n=62). Results indicated no 
significant difference between the treatment and placebo group on primary outcome 
measures including the Rey complex figure (Meyers & Meyers, 1995), cancellation 
(Van Haasen, De Bruyn, Pijl, & al., 1986) and a prism adaptation task (Van der Geest, 
Lagers-van Haselen, Van Hagen, & al., 2005). A significant improvement on one 
secondary outcome measure, object assembly (Van Haasen et al., 1986) was noted but 
due to the failure to control for type I error, the authors reported that this is likely a 
spurious finding. In addition, for all outcome measures the authors defined an 
improvement of 1 SD or larger between the placebo and simvastatin groups as 
clinically significant however none of the outcome measures satisfied this criteria 
(Krab, Goede-Bolder, et al., 2008). Therefore it was concluded that simvastatin 
should not be used to treat cognitive impairments in children with NF1 (Krab, Goede-
Bolder, et al., 2008). Another RCT also trialled simvastatin in eight to 16 year old 
children with NF1 (n=84) (van der Vaart et al., 2013). Similar to previous findings 
there were no significant differences between placebo and control groups on the 
primary outcomes (i.e. FSIQ, parent-rated attention problems and internalising 
problems) after 12 months of treatment. There was also no significant improvement 
reported on any secondary outcomes including teacher-rated school performance, 
visuospatial memory, fine-motor skills, attention and parent-rated quality of life and 
internalising behaviour problems (van der Vaart et al., 2013).  
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In contrast to these results, preliminary results from a Phase I clinical trial examining 
the safety of lovastatin in children with NF1 (n=24, 10-17 years) were promising 
(Acosta et al., 2011). After 12 weeks of lovastatin treatment findings suggested in 
improvement in both verbal and nonverbal memory (Acosta et al., 2011). Further 
analyses indicated reliable change (performance exceeding 80% confidence interval) 
in 13-39% of participants on memory measures and 5-10% of participants on attention 
measures (Acosta et al., 2011). In addition, Chabernaud et al (2012) examined the 
effect of lovastatin on the default network resting state functional connectivity in a 
subset of these children (n=7). On fMRI, children displayed abnormalities in the 
default network at baseline which were regulated following 12-week treatment with 
lovastatin (Chabernaud et al., 2012). The authors concluded that lovastatin may 
enhance maturation of functional connectivity in the default network and this could 
result in the improvements observed in cognitive abilities (Chabernaud et al., 2012). 
Following the results of the Phase I study indicating that lovastatin was safe and well 
tolerated in children with NF1, a large international, multi-site RCT was conducted to 
assess the efficacy of lovastatin (n=74) compared to placebo (n=70) on the cognitive 
abilities, behaviour and quality of life of children with NF1 (8 -15 years) (Payne et al., 
2016). Unlike previous trials (Krab, Goede-Bolder, et al., 2008; van der Vaart et al., 
2013), this RCT only enrolled children who demonstrated specific impairments on 
primary outcome measures in order to ensure that only those participants with deficits 
were treated (Payne et al., 2016). After 16 weeks of treatment, no significant 
differences between the treatment and placebo group were observed on the primary 
outcome measures of visuospatial learning (Cohen’s d = -0.15) and sustained 
attention Cohen’s d = 0.19). Although a significant, yet small treatment effect was 
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noted on a secondary outcome measure of spatial planning (Cohen’s d = -0.34) 
(Payne et al., 2016).  Due to the fact that the only treatment effect was a minimal 
improvement and that there were no adjustments made for multiple statistical 
comparisons, the authors stated that the effect on lovastatin on spatial planning should 
be treated with caution. Results also indicated that lovastatin significantly reduced the 
mean total cholesterol levels and was well tolerated by participants except for one 
participant who experienced a grade 4, life threatening adverse event, which was 
possibly related to the medication (Payne et al., 2016). In conclusion, lovastatin was 
considered not to be an effective treatment for cognitive deficits in children with NF1 
(Payne et al., 2016).  
Another RCT investigated that use of 14 weeks of lovastatin in adults and children 
with NF1 (n=44) (Bearden et al., 2016). Twelve of the 44 participants who enrolled in 
the study did not complete the trial resulting in a final sample size of 32 (placebo=15, 
lovastatin=17). Findings included significant improvement on a primary outcome 
measure of working memory (Cohen’s ƒ2 = 0.70) as well as secondary outcomes (i.e. 
verbal memory Cohen’s ƒ2 = 0.19 , self-reported internalizing problems Cohen’s ƒ2 = 
0.26) (Bearden et al., 2016). In addition, baseline and follow-up neuroimaging (fMRI) 
of 20 participants with NF1 (placebo=10, lovastatin=10) indicated no significant 
effect of lovastatin on neural activity was observed (Bearden et al., 2016). Despite the 
preliminary treatment effects of lovastatin on cognition it should be noted that the 
exploratory nature and small sample size of the study may limit the generalisability of 
these findings. Further the lack of control for baseline performance of participants 
may have resulted in an overestimation of treatment effect sizes (Payne et al., 2016).  
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In summary, it is encouraging that pharmacological treatments are emerging to treat 
the cognitive deficits evident in children and adults with NF1. Unfortunately, while 
initially appearing promising, statin treatments do not appear to be effective in 
treating cognitive deficits in this population. This is likely a result of the differences 
between preclinical mouse models of NF1 and humans with NF1 (Payne et al., 2016). 
In contrast, treatment with methylphenidate appears to result in benefits for children 
with NF1 in most studies. Further research is needed to clarify those cognitive deficits 
which methylphenidate will most effectively treat. To date, pharmacological trials in 
children with NF1 have not reported significant treatment effects for academic 
performance or objectively examined academic outcomes. As academic difficulties 
affect such a large proportion of children with NF1 it is critical that future 
intervention trials attempt to treat these deficits. 
2.3 Reading and reading difficulties in the general population  
To better understand the reading profile of children with NF1, it is beneficial to 
review what is known about reading and reading difficulties (or dyslexia) in children 
in the general population. While a complete review of reading and dyslexia is beyond 
the scope of this thesis, a summary of early reading development is included. This is 
followed by a description of the key features of dyslexia, specific cognitive models, 
potential neurobiological factors underlying dyslexia and finally interventions 
targeting reading difficulties. 
2.3.1 Reading disability in childhood or developmental dyslexia 
Reading disability or dyslexia can be defined as a difficulty with accuracy or fluency 
of single-word decoding and often also includes difficulty acquiring adequate spelling 
abilities (American Psychiatric Association, 2013; Lyon, Shaywitz, & Shaywitz, 
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2003). It is generally considered to be an unexpected difficulty that occurs despite 
appropriate access to instruction (American Psychiatric Association, 2013). 
According to the DSM-5 children are diagnosed as having dyslexia or a SLD in 
reading if they experience significant difficulties in reading (i.e. word reading 
accuracy, fluency or comprehension), as described in section 2.2.3 (American 
Psychiatric Association, 2013). It should be noted that the following terms, ‘reading 
disability’, ‘specific reading disability’, and ‘dyslexia’ are often used interchangeably 
in the literature (Velluntino, Fletcher, Snowling, & Scanlon, 2004), however 
throughout this thesis the term ‘dyslexia’ will be used to refer to children who have 
been given a specific diagnosis of dyslexia. It is important to note that the criteria 
used to define dyslexia may differ between studies. Finally, throughout this thesis the 
term ‘reading difficulties’ will be used to more generally describe poor performance 
on a reading measure. 
2.3.2 Development of word reading 
To be a successful reader, the Simple View of Reading (Tunmer & Chapman, 2012) 
proposes that a child needs both the ability to decode words and the ability to 
comprehend language. While decoding ability allows for accurate and fluent word 
reading, the ability to comprehend language allows for adequate understanding of 
text. In the following section only the development of word reading will be discussed. 
Word reading is a complex process by which printed words are converted into speech 
codes and this process is usually assessed by how accurately and fluently an 
individual reads aloud (Melby-Lervag, Lyster, & Hulme, 2012).  
It has been proposed that children move through several stages of development when 
learning to read words (i.e. Ehri, 1995; Ehri, 2005; Frith, 1986; Marsh, Friedman, 
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Welch, & Desberg, 1981; Seymour & Macgregor, 1984). One of the most well-
accepted and influential theories (Beech, 2005) suggests that children move through 
four phases while learning to read (Ehri, 2005). The first is the prealphabetic phase 
which occurs prior to understanding the alphabetic principle and involves recognition 
of a limited number of words by their visual features (Ehri, 1995, 2005). The 
alphabetic principle refers to an understanding that printed letters correspond to 
specific sounds (Byrne & Fielding-Barnsley, 1989; Lyon, 1998). Once children 
master this alphabetic code they move into the partial alphabetic phase where they 
begin a basic level of decoding. This phase is characterised by decoding errors, as 
children struggle to segment a word into all its individual phonemes or recognise 
more complex sounds (Ehri, 1995, 2005). When children develop an adequate 
knowledge of grapheme-phoneme correspondence (GPC) they move into the full 
alphabetic phase where they are able to successfully decode words and begin to 
develop a bank of sight words that they memorise (Ehri, 1995, 2005). As children 
develop a large bank of sight words they move into the consolidated alphabetic phase. 
This is when children use their GPC knowledge to consolidate recurring letter patterns 
or syllable chunks (rather than sounding out each individual letter) thereby allowing 
them to read more fluently (Ehri, 1995, 2005). Ehri (2005) suggests that it is not 
necessary for children to complete each of these phases in a set order and they may 
use connections from multiple phases when reading new words. Overall, phase theory 
can be considered a general framework by which to view the phases children may 
progress through when learning to read (Beech, 2005).  
In summary, before beginning to enter early stages of learning to read, children must 
develop an understanding of the alphabetic principle, that is, that letters or visual 
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symbols (graphemes) are representative of specific sounds (phonemes) (Castles, 
Rastle, & Nation, 2018). They are then able to move towards accurate decoding of 
text and then ultimately become fluent, skilled readers (Castles et al., 2018).  
2.3.3 Preliteracy skills  
Preliteracy skills are abilities that develop prior to formal literacy skills (i.e. reading, 
spelling). They have a strong relationship with later reading ability (Carroll, 
Snowling, Hulme, & Stevenson, 2003; Lonigan, Burgess, & Anthony, 2000; Wagner 
et al., 1997), most likely as they appear to contribute to children’s mastery of the 
alphabetic principle. For example, Byrne and Fielding-Barnsley (1989) suggest that 
for children to develop an understanding of the alphabetic principle they need 
adequate phoneme (or phonological) awareness, an understanding that speech can be 
broken down into segments or small sounds. Phonological awareness is often 
described as one aspect of phonological processing. Phonological processing refers to 
the ability to use sounds of language to assist in processing printed and oral language 
(Wagner & Torgersen, 1987). Wagner and Torgersen (1987) propose that 
phonological processing skills can be described as involving three distinct processes; 
phonological awareness, phonological coding in working memory (phonological 
memory) and retrieval of phonological codes from long-term memory otherwise 
referred to as speed of lexical access or RAN (Wagner & Torgersen, 1987). Although 
it should be noted that there is some controversy around whether RAN is truly a 
phonological skill (Wolf, Bowers, & Biddle, 2000), in this thesis it will be referred to 
as a phonological processing ability. To date, there is a large body of evidence 
showing that phonological processing abilities play a vital role in children’s 
developing reading ability and are strong predictors of later reading success, 
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independent of IQ (National Reading Panel, 2000; Wagner & Torgersen, 1987; 
Wagner, Torgersen, & Rashotte, 1994; Wagner et al., 1997).  
As previously mentioned, phonological awareness is thought to play a critical role in 
children’s reading development. It refers to the ability to detect and manipulate 
sounds of spoken language (Lonigan et al., 2009) and is typically assessed by 
measures that require segmenting of strings of letters into individual sounds, blending 
sounds together to make a word and detection of rhymes (Castles & Coltheart, 2004; 
Wagner & Torgersen, 1987). Research indicates that phonological awareness is 
significantly impaired in children with dyslexia (Melby-Lervag et al., 2012) across 
languages (Ziegler et al., 2010) and that it is as a strong predictor of young children’s 
later reading ability (Boscardin et al., 2008; Furnes & Samuelsson, 2009; 
Puolakanaho et al., 2008; Wagner et al., 1994).  
Phonological awareness is typically measured by tests of rime awareness and 
phoneme awareness (Melby-Lervag et al., 2012). Phoneme awareness refers to the 
ability to identify and manipulate the smallest units of sound (phonemes) whereas 
rime awareness  refers to ability to detect words that share larger rime units (Melby-
Lervag et al., 2012). It has been proposed that children develop rime awareness before 
phoneme awareness and that phoneme awareness tasks are therefore more difficult 
(McBride-Chang, 2004 cited in Melby-Lervag et al., 2012). One systematic meta-
analytic review of 235 studies in children (range 5-16 years) compared the 
phonological awareness abilities of children with dyslexia to controls and specifically 
aimed to examine their phoneme and rime awareness. Results of the meta-analysis 
indicated a significant deficit (pooled large effect size estimate Cohen’s d = -1.37) in 
the phonemic awareness abilities of children with dyslexia compared to controls 
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(Melby-Lervag et al., 2012). Children with dyslexia also displayed significant yet 
smaller deficits (pooled large effect size estimate Cohen’s d = -0.93) in rime 
awareness indicating that phoneme awareness tasks may be the strongest predictors of 
word reading ability (Melby-Lervag et al., 2012). Further findings indicated no 
significant effect of age, suggesting that phonological awareness abilities remain a 
consistently strong predictor of reading across the age range assessed (Melby-Lervag 
et al., 2012). 
A meta-analysis of studies conducted by Melby-Lervag et al. (2012) also found that 
children with dyslexia showed consistent and significant deficits in phonological 
memory throughout school years compared to controls (pooled moderate effect size 
estimate Cohen’s d = -0.71). The phonological memory abilities of young children 
has also been identified as a significant predictor of later reading ability (Gathercole 
& Baddeley, 1993). Phonological memory refers to a short-term memory system for 
storing sound-based information for brief periods. According to the component 
working memory model proposed by Baddeley and Hitch (1974, cited in Baddeley, 
2000) working memory involves interrelated systems including the central executive, 
an attentional controller, and two slave systems, the phonological loop (stores verbal 
information) and the visuospatial sketchpad (stores visuospatial information) 
(Baddeley, 2000). The phonological loop consists of a temporary phonological store 
where auditory information is held for a few seconds unless it is maintained by 
articulatory rehearsal (Baddeley, 2000). Visual information (i.e. a sequence of letters) 
can also be entered into the store if they are subvocalized into their phonological form 
(Baddeley, 2003). This phonological loop or capacity for storing verbal information is 
typically referred to as phonological memory (Gathercole & Baddeley, 1993). 
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Phonological memory is often assessed by memory span tasks such as repeating 
nonsense words. There is evidence to suggest that children who perform more poorly 
on these tasks are poorer readers (Melby-Lervag et al., 2012; Wagner & Torgersen, 
1987). Further poorer performance on phonological memory tasks in preschool has 
shown to be a significant predictor of later dyslexia (Snowling & Melby-Lervag, 
2016). This indicates that a stronger ability to efficiently maintain representations of 
phonemes corresponding to letters in phonological memory while decoding 
unfamiliar words allows for more successful reading (Lonigan et al., 2009).  
Young children’s ability to quickly and accurately retrieve phonological codes from 
long term memory otherwise referred to as RAN has also been shown to predict later 
reading ability and dyslexia (Boscardin et al., 2008; Furnes & Samuelsson, 2009; 
Puolakanaho et al., 2008; Wagner & Torgersen, 1987). Further, cross-sectional 
studies show that children with dyslexia often display deficits in RAN (Wolf et al., 
2000), typically demonstrated by slower performance on naming tasks (objects, 
colours, numbers and letters)(i.e. Denckla & Rudel, 1976). If the process of retrieving 
phonological codes is more effortful, then it is likely that children will experience 
more difficulty with reading (Lonigan et al., 2009). While RAN has often been 
described as one of three phonological processing abilities (Wagner & Torgersen, 
1987), it has also been suggested that RAN is an independent process separate to 
phonological processing abilities (phonological awareness, phonological memory) 
(Wolf et al., 2000). Wolf et al. (2000) suggest that RAN is a complex interaction of 
subprocesses (i.e. attention, perception, memory, articulation, lexical, conceptual) 
which extends beyond phonological processes. Further they propose that children may 
display a single deficit, that is, impairment in either RAN or phonological processing 
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or alternatively a more severe double deficit, that is both RAN and phonological 
processing impairments (Wolf et al., 2000). Wolf et al. (2000) propose that these 
children with a double-deficit may require the most intense intervention.  
In addition to phonological processing skills, letter-sound knowledge is also reported 
to be an important preliteracy skill. This is primarily due to the fact that for mastery of 
the alphabetic principle children need not only adequate phonological abilities (or 
awareness of the sounds of spoken language), but also an understanding that these 
sounds correspond to specific printed symbols or letters (Byrne & Fielding-Barnsley, 
1989; Lyon, 1998). As a result children’s ability to identify letters and corresponding 
sounds has been shown to be a strong predictor of later literacy (Muter, Hulme, 
Snowling, & Stevenson, 2004; Puolakanaho et al., 2007; Schatschneider et al., 2004; 
Van Bergen, De Jong, Maassen, & Van Der Leij, 2014). Typically children develop 
letter and letter-sound knowledge during the first year of schooling (Blaiklock, 2004).  
In summary, there is significant evidence to suggest that phonological awareness, 
phonological memory, RAN and letter-sound knowledge are critical preliteracy skills 
that support the development of skilled reading. Preliteracy skills have been shown to 
be predictive of not only later reading performance but also spelling abilities (Furnes 
& Samuelsson, 2009, 2010; Puolakanaho et al., 2008). Further those children who 
experience preliteracy difficulties are highly likely to continue to struggle throughout 
their schooling (Juel, 1988; Shaywitz et al., 1999). It has been shown that assessments 
combining measures of phonological abilities (i.e. phonological awareness, 
phonological memory, RAN) and letter-sound knowledge at school-entry provides an 
accurate prediction of later reading difficulties (Carroll, Solity, & Shapiro, 2016; 
Puolakanaho et al., 2007). This indicates that preliteracy screening can be a valuable 
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method of identifying children at risk of dyslexia and also identifying those children 
who may benefit from early intervention. There is evidence to suggest that preschool 
age may be a critical time period for the development of many preliteracy abilities 
(Lonigan et al., 2009; Whitehurst & Lonigan, 1998) and it has been found that 
preliteracy measures administered at five years of age can identify with approximately 
80% accuracy those children who will become poor readers a year later (Muter, 2003 
cited in Muter & Snowling, 2009). This suggests that five years of age may be an 
appropriate time period at which to screen children for dyslexia (Muter & Snowling, 
2009).  
2.3.4 Prevalence of dyslexia 
Depending on the diagnostic criteria used for dyslexia, and the country, it is estimated 
that 6% to 17% of children are affected (Becker et al., 2017; Fletcher, 2009). If 
dyslexia is defined as reading scores 1.5 standard deviations below the mean, then the 
rate is estimated to be approximately 7% of school-age children (Peterson & 
Pennington, 2015). It is more common amongst males with estimates indicating a 
male to female ratio of between 1.5:1 to 3.1:1 (Rutter et al., 2004). Dyslexia is a 
chronic and persistent condition (Shaywitz, Gruen, & Shaywitz, 2007) and children 
who are poor readers in early school years continue to read poorly throughout high 
school (Shaywitz et al., 1999). 
2.3.5 General theories of dyslexia  
There are a number of theories which attempt to explain the reading process and why 
difficulties occur. It has been proposed that dyslexia is caused primarily by either; 
visual deficits (Orton, 1925), difficulties with visual-spatial attention (i.e. 
magnocellular theory Gori et al., 2015) or weaknesses in auditory processing (Tallal, 
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1980). Evidence for these theories is mixed and they have been extensively debated 
(Castles, McLean, & McArthur, 2010; Norton, Beach, & Gabrieli, 2015; Velluntino et 
al., 2004). However, one of the most widely accepted views is that dyslexia occurs 
due to an impairment in the language system and the primary deficit responsible is 
difficulties with phonological processing (processing the sounds of spoken language) 
which result in later difficulties decoding written information (Peterson & 
Pennington, 2015; Velluntino et al., 2004). This theory of dyslexia proposes that 
phonological processing abilities underlie the formation of automatic processing of 
letter-sound correspondences or mastering the alphabetic code, a skill which allows 
for the accurate and fluent ability to decode words (Byrne & Fielding-Barnsley, 1989; 
Peterson & Pennington, 2015).  
It should be noted that while the concept of a core phonological deficit underlying 
dyslexia is widely accepted there are a number of controversies which remain 
(Peterson & Pennington, 2015). As previously mentioned in section 2.3.3, it has been 
suggested that children’s phonological abilities are independent from their RAN 
abilities and that they may display a single deficit in either phonological skills or 
RAN (Wolf et al., 2000). Children may also display a double-deficit in both 
phonological and RAN abilities. This double-deficit theory proposes that children 
with a double-deficit represent those children with the most severe reading deficits on 
all reading measures (Wolf et al., 2000). Consequently Wolf et al. (2000) suggest that 
it is important to consider more than children’s phonological abilities when assessing 
children for dyslexia.   
Another area of debate surrounds the nature of the relationship between phonological 
abilities and reading. While these processes are clearly closely intertwined, there is 
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not a distinct causal relationship between phonological abilities (i.e. phonological 
awareness) and reading (Castles & Coltheart, 2004). Rather it seems likely that the 
relationship is reciprocal since while children’s phonological awareness affects their 
developing reading ability, better reading abilities has also been found to result in 
improved phonological awareness (Castles, Wilson, & Coltheart, 2011). Further 
Pennington (2006) suggests that there is now increasing evidence to suggest that a 
single causal phonological deficit is not sufficient to ‘explain’ dyslexia. He proposes 
that dyslexia, is like other developmental disorders (i.e. ADHD), and is the result of 
multiple deficits (Pennington, 2006). As previously discussed in section 2.3.3 the 
most widely accepted cognitive risk factors for dyslexia include difficulties with 
phonological awareness, phonological memory and RAN (Becker et al., 2017). 
Deficits in letter-sound knowledge have also been identified as an important predictor 
of dyslexia (Muter et al., 2004; Schatschneider et al., 2004). Deficits in these areas are 
strong longitudinal predictors of later dyslexia in young children as well as concurrent 
predictors in older children (Carroll et al., 2016; Puolakanaho et al., 2007; Wagner, 
Torgersen, Laughon, Simmons, & Rashotte, 1993; Wagner et al., 1997). However 
despite the considerable evidence linking poor preliteracy skills to later dyslexia there 
is also some indication that a phonological deficit is not sufficient to ‘cause’ dyslexia 
(Peterson & Pennington, 2015). Support for this is provided by dyslexia family risk 
studies that have followed children who have a parent with dyslexia from pre-reading 
to later school years. A recent meta-analytic review reported that despite many 
children at family-risk of dyslexia displaying poorer preliteracy skills than their peers, 
not all of these children ultimately developed dyslexia (Snowling & Melby-Lervag, 
2016). Further, Carroll and colleagues (2016) evaluated children’s phonological 
processing as well as a range of other domains (language, motor skills, auditory 
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processing and visual attention) and reported that the majority of poor readers could 
not be characterised by a single deficit but rather they displayed deficits across the 
various measures assessed. This provides support for the concept of dyslexia as the 
result of multiple deficits (Pennington, 2006; Pennington et al., 2012).  
In summary, while the most frequently reported deficits relating to dyslexia are 
phonological in nature, there is also evidence to suggest that a phonological deficit is 
not the sole cause of dyslexia. Rather it is likely that dyslexia occurs as the result of a 
range of risk factors which interact in a complex fashion (Castles et al., 2010; 
Peterson & Pennington, 2012; Snowling & Melby-Lervag, 2016). This highlights the 
importance of conducting a thorough assessment for dyslexia which may include 
obtaining children’s family and developmental history, administering formal 
assessment measures, and accumulating qualitative observations (Pennington, 2009 
cited in Pennington et al., 2012).  
2.3.6 Specific cognitive models of single word reading  
In addition to broader, more general theories of dyslexia there are also a number of 
more specific models which attempt to explain the cognitive processes involved in 
single word reading and why difficulties occur. Two of the most prominent and 
extensively researched models are the dual route model (DRM) of reading (Coltheart, 
Rastle, Perry, Langdon, & Ziegler, 2001) and various connectionist and parallel 
distributed models otherwise known as triangle models (e.g. Plaut, McClelland, 
Seidenberg, & Patterson, 1996; Seidenberg & McClelland, 1989) (Rayner & Reichle, 
2010).  
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The main premise of the DRM (Coltheart et al., 2001) is that reading aloud occurs via 
two different methods; application of GPC rules (sublexical route) and through use of 
a mental lexicon or dictionary (lexical route) (see Figure 5-1). The mental lexicon or 
dictionary contains a visual representation of all the words that the reader has 
previously seen (Castles et al., 2009a). Therefore, to read aloud using the lexical 
route, the reader looks up a particular word in their lexicon and retrieves information 
about the word’s spelling, pronunciation and meaning (Coltheart, 2005). As the 
lexicon only includes previously seen familiar words, the lexical routes cannot be 
used to read unfamiliar nonwords. In contrast, reading aloud using the sublexical 
route involves decoding words using application of GPC rules (McArthur et al., 
2013a). While the sublexical route can be used to read regular words (i.e. real words 
that follow GPC words) and nonwords (i.e. nonsense words that can be read using 
GPC rules e.g. gop) successfully, it cannot be used to read irregular words (i.e. quay) 
that disobey GPC rules accurately (Castles & Coltheart, 1993). As the two reading 
routes utilise different methods (i.e. letter-sound knowledge vs. retrieval from mental 
lexicon) it is also possible for them to produce different outcomes for the same word. 
For example, while an irregular word such as ‘quay’ can be read correctly using the 
lexical route, it would be read incorrectly as ‘kway’ using the sublexical route. 
Similarly the sublexical route will successfully read the nonword ‘gop’ while the 
lexical route will not be able to process it correctly as it is unfamiliar word and 
therefore not stored in the lexicon. It should be noted that after new regular words are 
decoded accurately using the sublexical route, they are ultimately stored in the mental 
lexicon and therefore become a ‘sight’ word read using the lexical route (Coltheart, 
2005).  
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Consequently both reading routes must be used effectively in order for an individual 
to be a skilled reader of the English language (Castles & Coltheart, 1993). Children 
with specific impairment in using the sublexical reading route, as evident by poor 
nonword reading, are referred to as phonological dyslexics (Castles & Coltheart, 
1993). In contrast, a specific impairment in the lexical route, characterised by 
difficulty pronouncing irregular words (but not regular words), is described as surface 
dyslexia (Castles & Coltheart, 1993). A combined difficulty using both reading routes 
is known as mixed dyslexia and typically this is the most commonly occurring 
impairment type (Castles & Coltheart, 1993; McArthur et al., 2013a). 
In contrast to the DRM, triangle models (Harm & Seidenberg, 2004; Plaut et al., 
1996; Seidenberg & McClelland, 1989) do not distinguish between retrieval of whole 
words and components of words. Information (orthographic, phonological and 
semantic) is represented by distributed activity patterns throughout simple processing 
units (Plaut, 1999). Thus reading a word aloud occurs as the result of an interaction of 
units and similar words are characterised by similar activity patterns (Plaut, 1999). All 
letters within a word are processed in parallel, in contrast to the sublexical route of the 
DRM where letters are individually processed using GPC rules (Coltheart, 2006). 
There is no in-built information regarding the pronunciation of words. Rather the 
relationship between orthography and phonology is learnt by exposure to the printed 
form of a word, a pronunciation is then attempted, and the correct pronunciation is 
received as feedback. This feedback effects the strength of connections between 
orthography-to-phonology units in the model and this increases the likelihood of 
producing pronunciation correctly for future words (Harm & Seidenberg, 1999; Plaut 
et al., 1996). It has also been proposed that triangle models contain two cognitive 
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processing pathways which must work together to support the development of normal 
reading ability (Plaut et al., 1996). The first is a ‘phonological’ pathway with direct 
links between written words (orthography) and spoken words (phonology). The 
second is a ‘semantic’ pathway with links between orthography, phonology and 
semantics (i.e. meaning of words). Triangle models explain phonological dyslexia as 
impairment in some portion of the orthography-to-phonology connections 
(phonological pathway), so that only words already learnt can be read (Plaut et al., 
1996). There appears to be a lack of generalisability across words which results in 
difficulty pronouncing unknown or nonwords (Harm & Seidenberg, 1999; Rayner & 
Reichle, 2010). When this impairment is mild, it results in impaired nonword reading  
or pure phonological dyslexia. When the damage is more severe, then both nonword 
and irregular word reading are impaired but nonword reading is the most significantly 
affected (mixed or relative phonological dyslexia) (Harm & Seidenberg, 1999, 2001). 
According to Plaut and colleagues (1996), surface dyslexia is explained by 
orthography-to-phonology connections becoming increasingly specialized for 
pronouncing words that have consistent letter-sound mappings. This is due to an 
impairment in the semantic system which effects pronunciation of inconsistent words 
(Plaut et al., 1996). Alternatively it has been suggested that surface dyslexia may 
result from a delay in typical reading development rather than a specific impairment 
(Harm & Seidenberg, 2004).  
Due to both models proposing differing accounts of the word reading process and 
associated patterns of reading impairment, there is still an ongoing debate about 
which model is a more accurate and useful means of understanding the reading 
process (e.g. see Andrews, 2007 cited in Rayner & Reichle, 2010). In this thesis, the 
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DRM was chosen as a framework of word reading (see Chapter 5) as it provides a 
clear systematic way of assessing individual subskills that underlie word reading and 
identifying specific areas of impairment in children (Coltheart, 2005). A number of 
studies have demonstrated that using the DRM as a framework results in the 
identification of significant proportions of children who fit specific dyslexic subtypes 
(Castles & Coltheart, 1993; Castles et al., 2009a; Edwards & Hogben, 1999; 
McArthur et al., 2013a; Ziegler et al., 2008). Identifying specific types of impairment 
is important as it guides the provision of appropriate, targeted literacy intervention 
(Coltheart, 2005) Further previous research has established the utility of DRM, 
compared to traditional discrepancy diagnosis methods of dyslexia, in characterising 
the high levels of phonological dyslexia evident in children with NF1 (Watt et al., 
2008). Utilising the DRM framework to examine the reading abilities of children with 
NF1 is further discussed in section 2.4.2.3. 
2.3.7 Neurobiological and environmental factors influencing dyslexia 
2.3.7.1 Genetic and environmental 
Dyslexia occurs as the result of a complex interaction between a range of genetic and 
environmental risk factors (Peterson & Pennington, 2015). Both dyslexia and reading 
ability are moderately heritable (Peterson & Pennington, 2015). Estimates indicate 
over 50% of the variance in reading skill is explained by genetics (Fletcher, 2009; 
Velluntino et al., 2004) and in families with a parent who has dyslexia the risk of their 
child having dyslexia is approximately 45% (Snowling & Melby-Lervag, 2016). In 
recent years there has been growing interest in the relationship between dyslexia and 
specific genes and at least nine regions of the genome and six candidate genes have 
been identified (Becker et al., 2017; Peterson & Pennington, 2015). To date there is 
97 
still a lack of consistency between studies regarding various candidate genes and this 
is likely due to the fact that dyslexia is complex and results from multiple small gene 
effects or has multiple genetic origins (Carrion-Castillo, Franke, & Fisher, 2013). 
Evidence indicates that environmental factors also contribute significantly to the risk 
of dyslexia. Socioeconomic status (SES) has been significantly linked to reading 
ability (White, 1982), with lower SES predictive of weaker early reading abilities and 
poorer growth in literacy skills as children progress throughout school (Bowey, 1995; 
Hecht, Burgess, Torgersen, Wagner, & Rashotte, 2000; Raz, 1990). Correlations 
between SES and reading are typically moderate with SES accounting for 
approximately 10% of the variance in reading outcomes (Sirin, 2005; White, 1982). 
Other environmental factors that may affect children’s reading development include 
their early language skills (Snowling & Melby-Lervag, 2016) and home literacy 
environment (Peterson & Pennington, 2015).  
It is important to note that some of the effects of environmental factors (i.e. SES) can 
be partially explained by genetics (Peterson & Pennington, 2015) providing support 
for the theory that dyslexia results from a complex interaction of genetic and 
environmental risk factors. Support for this genetic by environment interaction 
includes findings that SES moderates genetic influences on dyslexia and as parent 
education increases the heritability of dyslexia increases (Friend, DeFries, & Olson, 
2008; Peterson & Pennington, 2015). In addition, the influence of genetic and 
environmental factors upon reading ability may change depending on age (Peterson & 
Pennington, 2015), the specific skill assessed and country. One study found that 
heritability increases as children mature (Logan et al., 2013). While large-scale 
international twin studies (Byrne et al., 2009; Samuelsson et al., 2005) have shown 
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that there is a combination of genetic and environmental factors which affect the 
preliteracy skills of younger children, genetic factors are much more influential on 
literacy abilities (i.e. reading, spelling) as children progress through school 
(Christopher et al., 2015). In addition, Petrill et al (2010) reported that while there was 
a significant genetic and environmental effect observed on growth in phonological 
awareness and RAN measures, growth in letter identification and word/nonword 
reading was only influenced by environmental (i.e. family, school) factors. Finally, 
Christopher and colleagues (2013) reported that differences in early reading ability 
were largely influenced by genetics in the United States and Australia. This is 
supported by recent findings from a large twin study (n=1940) showing that for 
Australian children (grades 3, 5, 7, 9) approximately 60% of the variance in 
achievement (i.e. reading, spelling) was explained by genetic factors (Grasby, 
Coventry, Byrne, Olson, & Medland, 2016). Shared and unique environmental factors 
also explained a significant but much smaller proportion, 10 and 30% respectively 
(Grasby et al., 2016). In contrast, in Scandinavia, where children start formal reading 
instruction later, early reading ability was significantly influenced by both genetic and 
environmental factors (Christopher et al., 2013). In summary, genetic factors 
consistently explain a significant amount of variation in preliteracy and literacy skills 
over time. While environmental factors also significantly influence developing 
literacy abilities, these tend to play a smaller role. 
2.3.7.2 Brain bases of reading difficulty 
Post-mortem studies first identified structural differences in the brains of individuals 
who had dyslexia reporting unusual symmetry in the planum temporale (PT) 
(Galaburda, Sherman, Rosen, Aboitiz, & Geschwind, 1985), an area linked to 
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language functioning (Grigorenko, 2001b). More recent investigations using MRI 
have identified abnormalities in brain structure, function and connectivity in 
individuals with reading difficulties. Different MRI techniques used include voxel-
based morphometry (VBM) to measure GM and WM volumes; fMRI to examine 
activation occurring in brain regions during cognitive activities and diffusion tensor 
imaging (DTI) to measure the organisation of WM tracts (Mascheretti et al., 2017). 
Some of the most consistently identified areas of interest are located in the left 
hemisphere and include the occipitotemporal cortex (OTC), the temporo-parietal 
cortex (TPC) and the inferior frontal gyrus (IFG), regions which seem to play a 
critical role in the reading process (Norton et al., 2015; Paulesu, Danelli, & Berlingeri, 
2014; Peterson & Pennington, 2015; Shaywitz, Mody, & Shaywitz, 2006b; Xia, 
Hancock, & Hoeft, 2017). The TPC has been linked to phonological processing and is 
therefore thought to play an important role in the earlier stages of reading 
development (Rumsey, 1997; Sandak et al., 2004; Shaywitz et al., 1998). The OTC or 
visual word form area has been linked to word recognition and seems to be important 
for skilled, fluent reading (Shaywitz et al., 2006b) suggesting it is more important in 
later stages of reading (Paulesu et al., 2001; Sandak et al., 2004). The IFG has been 
linked to aspects of language functioning including phonological processing, semantic 
processing (Vigneau et al., 2006) and articulation (Demonet, Taylor, & Chaix, 2004) 
as well as language-related processes such as verbal working memory (Cohen, 
Perlstein, Braver, Nystrom, & et al., 1997). 
Exploration of brain structure using VBM has primarily identified GM volume in the 
OTC of individuals with reading difficulties and also GM abnormalities in the TPC 
(Linkersdorfer, Lonnemann, Lindberg, Hasselhorn, & Fiebach, 2012). Reduction in 
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GM volume has also been reported in the OTC and the TPC of at-risk prereaders 
(Raschle, Chang, & Gaab, 2011) suggesting that abnormalities in these regions may 
be reliable indicators of dyslexia (Xia et al., 2017). Reduced GM has also been 
reported in the left IFG (Brown et al., 2001; Eckert, Berninger, Vaden, 
Gebregziabher, & Tsu, 2016) and cerebellum of dyslexics (Brown et al., 2001; 
Kronbichler et al., 2008). In contrast, other studies report no differences in GM 
volume between dyslexics and controls (Pernet, Andersson, Paulesu, & Demonet, 
2009a; Tamboer, Scholte, & Vorst, 2015) and Grigorenko (2001b) suggests that there 
are no robust findings of specific structural differences in dyslexia due to small 
sample sizes, differing definitions of dyslexia used and methodological issues 
including failure to adjust for whole brain volume during analysis (Eckert et al., 2016; 
Ramus, Altarelli, Jednoróg, Zhao, & Scotto di Covella, 2018). 
Studies using fMRI have revealed that children and adults with dyslexia consistently 
display abnormal activation primarily throughout the left hemisphere language 
network when compared to controls (Demonet et al., 2004; Richlan, Kronbichler, & 
Wimmer, 2011). Typically, underactivation in the OTC and TPC are reported in 
contrast to normal readers who display increased activation in these areas during 
reading tasks (Noble & McCandliss, 2005; Peterson & Pennington, 2015; Shaywitz et 
al., 1998). In addition, a number of studies have observed increased activation in 
dyslexics in the IFG and occasionally right hemisphere areas (Hoeft et al., 2011; 
Noble & McCandliss, 2005; Pugh et al., 2001; Shaywitz et al., 1998). It has been 
proposed that this may be the result of individuals with dyslexia attempting to 
compensate for dysfunction in TPC and OTC regions (Demonet et al., 2004; 
McCandliss & Noble, 2003; Pugh et al., 2001; Sandak et al., 2004). This pattern of 
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hypoactivation in left hemisphere posterior regions and hyperactivation in anterior 
regions has often been referred to as the neural signature for dyslexia (Shaywitz et al., 
1998). Finally, studies have also demonstrated functional changes after completing a 
reading intervention, with increased activation in core reading regions including the 
OTC (Shaywitz et al., 2004) and TPC (Temple et al., 2003). Some studies also report 
changes to frontal regions, primarily the IFG, as well as a range of other brain regions 
(Barquero, Davis, & Cutting, 2014) suggesting that intervention can result in 
normalization of brain functioning for dyslexics. 
In contrast to standard MRI techniques, DTI has been used to provide a more direct 
assessment of connectivity in the brain of individuals with dyslexia by examining the 
organisation of WM tracts (Beaulieu et al., 2005). Fractional anisotropy (FA) is used 
as a measure of the degree of water molecule diffusion and an indicator of WM tract 
integrity (Ozernov‐Palchik & Gaab, 2016). DTI has demonstrated structural 
differences (lower FA) primarily in left TPC and IFG (Deutsch et al., 2005; Klingberg 
et al., 2000; Rimrodt, Peterson, Denckla, Kaufmann, & Cutting, 2010). Findings from 
DTI studies also include low FA or volume in left corona radiata fibres and the 
arcuate fasciculus (which connects the OTC with frontal areas through the TPC) 
(Vandermosten, Boets, Wouters, & Ghesquière, 2012). There are also reports of an 
increase in FA in the posterior corpus callosum (which connects temporal, occipital 
and parietal regions) (Vandermosten et al., 2012). These findings indicate that there 
may be impairments in connectivity in the brains of individuals with dyslexia and 
adds support to the concept of dyslexia as a ‘disconnection syndrome’ (Geschwind, 
1965). Further that there may be decreased efficiency of communication between 
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cortical areas in dyslexic individuals (Keller & Just, 2009) that may impact on 
reading.  
In summary, there are still many inconsistencies between study findings in this area 
and more research is needed using larger sample sizes, reading-matched controls and 
also preliterate children who are at risk of dyslexia to better understand the 
developmental trajectory of dyslexia (Xia et al., 2017). Future research also needs to 
consider the overlap between dyslexia and other disorders such as specific language 
impairment, ADHD and speech sound disorder and the impact this may have on 
imaging findings (Xia et al., 2017). 
2.3.8 Comorbidities of dyslexia 
It is well-established that there is an increased incidence of externalizing disorders, 
particularly ADHD, in children with dyslexia (Carroll et al., 2005; Goldston et al., 
2007; Hinshaw, 1992; Willcutt, Pennington, Olson, Chhabildas, & Hulslander, 2005). 
Children with dyslexia have also been reported to have higher incidences of 
internalising disorders such as anxiety (Carroll et al., 2005; Goldston et al., 2007). 
Dyslexia is also comorbid with other language disorders including language 
impairment and speech sound disorder, most likely as a result of common risk factors 
(i.e. genetic and environmental) (Pennington & Bishop, 2009). As skilled reading is a 
necessary prerequisite for the successful formation of other academic abilities 
(National Reading Panel, 2000), it is not surprising that dyslexia is also associated 
with other learning difficulties including mathematics, spelling and writing difficulties 
(Berninger, Abbott, Thomson, & Raskind, 2001; Landerl & Moll, 2010). Finally, it is 
likely that comorbid conditions, such as ADHD, will impact on the expression of 
dyslexia and therefore may require separate treatment (Snowling & Hulme, 2011). 
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This illustrates the importance of screening for other comorbid disorders when 
assessing children with dyslexia. 
2.3.9 The relationship between language abilities and reading 
It has been suggested that stronger language abilities provide an important protective 
factor that may ensure better literacy outcomes (Shaywitz et al., 2003). For example, 
Nation and Snowling (2004) reported that children’s general language skills, over and 
above phonological skills, support the development of word recognition. They suggest 
that language skills (i.e. vocabulary, semantics knowledge) may support reading, 
particularly for irregular words which disobey letter-to-sound rules. This may be due 
to the fact that children with stronger language abilities are better able to use context 
to decipher irregular words (Nation & Snowling, 2004). Snowling and Melby-Lervag 
(2016) report that children who develop dyslexia display poorer vocabulary and 
grammar skills at preschool age and poorer vocabulary at school-age, indicating that 
language skills beyond phonology contribute to difficulties in reading. It is also 
possible that language skills contribute not only directly to reading ability but also 
indirectly via phonological skills (Cooper, Roth, Speece, & Schatschneider, 2002; 
Snowling & Melby-Lervag, 2016). It has been suggested that there is a reciprocal 
relationship between children’s vocabulary skills and their phonological abilities 
(Metsala, 1999). This is supported by findings that children’s phonological awareness 
abilities vary as a function of their vocabulary size (Carroll et al., 2003; Metsala, 
1999; Torppa et al., 2007). 
In summary, there is considerable evidence supporting a strong relationship between 
preliteracy skills, oral language and later reading abilities. This raises the possibility 
that interventions targeting language skills may be beneficial for children’s literacy 
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skills. One study investigated the use of language intervention compared to a 
phonological intervention for young children (mean age = 4.09 years) with oral 
language deficits (Bowyer-Crane et al., 2008). Findings included stronger 
phonological skills for children who completed the phonological intervention and 
stronger vocabulary abilities for the children who completed the language intervention 
(Bowyer-Crane et al., 2008). The authors suggest that the improvement in vocabulary 
skills is significant as stronger language skills support the development of better 
comprehension abilities (Bowyer-Crane et al., 2008; Muter et al., 2004). This study 
also raises the question of whether using a combination of language and phonological 
interventions may result in significantly greater improvements than using a single 
intervention for reading difficulties (Bowyer-Crane et al., 2008). 
2.3.10 Treatment for reading difficulties  
The United States National Reading Panel conducted an extensive review of the 
literature and concluded that an effective intervention for reading difficulties should 
incorporate several key elements including phonemic awareness, phonics, fluency, 
vocabulary and comprehension (National Reading Panel, 2000). Further that 
treatments are most effective when delivered in a systematic fashion and when 
explicit instructions are provided (Ehri, Nunes, Stahl, & Willows, 2001; National 
Reading Panel, 2000). Snowling and Hulme (2011) reported that phonics instruction 
and training letter-sound knowledge is a successful treatment for reading difficulties 
in children of a range of ages and is effective at all stages of reading development. 
This is supported by a systematic review of phonics interventions which observed 
small to large treatment effects on a range of literacy measures including nonword 
reading, word reading and GPC knowledge (McArthur et al., 2012). Similarly a meta-
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analysis of RCTs demonstrated that phonics instruction was the only treatment for 
reading (and spelling) difficulties that was efficacious (Galuschka, Ise, Krick, & 
Schulte-Korne, 2014). Collectively, these findings indicate that phonics instruction is 
an evidence-based intervention for improving reading in children with dyslexia. 
Although it should be noted that the efficacy of phonics instruction is less clear for 
other reading-related abilities (McArthur et al., 2012). Typically much smaller 
treatment effects are reported upon comprehension, fluency and spelling measures 
(Ehri, Nunes, Willows, et al., 2001; Galuschka et al., 2014) 
There are individual characteristics that may influence the effectiveness of any 
reading intervention. These factors may be cognitive in nature (i.e. pre-existing 
phonological skills, memory, IQ), behavioural (i.e. emotional/behavioural disorders) 
or demographic (i.e. age, SES)(Al Otaiba & Fuchs, 2002; Nelson, Benner, & 
Gonzalez, 2003). There is some evidence to suggest that children’s initial level of 
impairment (i.e. phonological abilities, RAN) may effect treatment outcomes (Al 
Otaiba & Fuchs, 2002; Galuschka et al., 2014; Nelson et al., 2003) In addition, 
treatment also tends to be more effective when delivered earlier in children’s 
schooling (Bus & van IJzendoorn, 1999; Ehri, Nunes, Willows, et al., 2001; Suggate, 
2010), possibly as there is a tendency for children to fall further behind their peers if 
they are unable to read adequately (Torgersen et al., 2007). There is some evidence to 
suggest that interventions with greater amounts of treatment (more hours) or that last 
longer result in better outcomes (Galuschka et al., 2014). In contrast, another review 
of treatment studies reported that shorter interventions (less than 18 hours) produced 
larger treatment effects than longer ones (Ehri, Nunes, Willows, et al., 2001), while 
another review (Suggate, 2010) found that treatment length did not significantly affect 
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treatment outcomes. More research in this area is needed to clarify the optimal 
treatment length. 
Computer-assisted instruction has also proved to be an effective and practical method 
for teaching phonological skills (Torgesen & Barker, 1995). Computers can present 
highly specific information in an interactive, motivational and cost-effective manner 
(Torgersen, Wagner, Rashotte, Herron, & Lindamood, 2010) while allowing children 
to work independently and at their own pace (Macaruso & Walker, 2008). Previous 
studies have shown that computer-assisted instruction can be used effectively to teach 
phonics skills in children with literacy difficulties (Macaruso & Rodman, 2011; 
McArthur et al., 2013c; McArthur et al., 2015; Saine, Lerkkanen, Ahonen, Tolvanen, 
& Lyytinen, 2011; Savage, Abrami, Hipps, & Deault, 2009; Wise, Ring, & Olson, 
2000). One large longitudinal study of seven-year-old children with poor preliteracy 
skills compared a 28 week computerised treatment (n=25) to a more regular reading 
intervention program (n=25) and typical mainstream reading instruction (n=116) 
(Saine et al., 2011). The computer treatment group displayed gains in a range of 
literacy skills (i.e. letter knowledge, reading accuracy, fluency, spelling) that were 
maintained up to 16 months post-treatment and were significantly larger than those 
observed from the regular reading intervention program (Saine et al., 2011). Another 
recent study reported significant gains (moderate-large effect sizes) in the reading 
accuracy, fluency and comprehension abilities of poor readers (n=41) aged seven to 
12 years, after eight weeks of a computerised phonics intervention (McArthur et al., 
2015). These findings indicate that computerised phonics training programs can 
produce significant and lasting changes in children’s literacy abilities. 
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2.4 Language and literacy abilities of children with NF1 
The following section will review the language and preliteracy abilities of young 
children with NF1. This is followed by a description of what is known regarding the 
language, phonological, reading, comprehension, spelling and writing abilities of 
school-age children with NF1. Finally language and literacy-related imaging findings 
and literacy interventions for children with NF1 are discussed. 
As described in section 2.3.9, children’s oral language abilities have been reported to 
act as a protective factor against the development of dyslexia (Shaywitz et al., 2003). 
Further deficits in early language skills (i.e. vocabulary) in young children have been 
found to be common precursors to later reading problems (Hindson et al., 2005; 
Scarborough, 1989; Snow, Scarborough, & Burns, 1999). Consequently the following 
section will describe what is known regarding the language skills of children with 
NF1 from early childhood through to school-age. 
Findings from early studies (Eldridge et al., 1989; Eliason, 1986) investigating the 
neuropsychological profile of children with NF1 resulted in the conclusion that the 
primary deficits observed in children and adults with NF1 were non-verbal and that 
verbal skills were relatively intact (North, 1998b). More recent studies have led to the 
understanding that, despite significant visuospatial deficits, children with NF1 also 
display high levels of language and literacy difficulties (Cutting et al., 2004). 
Impairments in expressive and receptive language have been reported as well as 
deficits in phonological abilities and reading (Cutting et al., 2000; Dilts et al., 1996; 
Mazzocco et al., 1995). It is important to note that these language-based deficits rarely 
seem to occur in isolation; rather they tend to coexist with other impairments (e.g.  
visuospatial; North, 2000; Ozonoff, 1999). 
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2.4.1 Early childhood 
2.4.1.1 Language abilities 
Deficits in the language abilities of children with NF1 are evident from early 
childhood. Legius and colleagues (1994) observed that amongst young children with 
NF1 (4-6 years) language impairment was common, particularly articulation 
difficulties. Further, amongst younger children (17 months - 4 years), they reported 
delays in language development, mainly in terms of articulation and morphology 
(Legius et al., 1994). Another larger study by Lorenzo et al (2010) found that toddlers 
with NF1 (n=39, 21-30 months) demonstrated significantly poorer performance on 
receptive and expressive vocabulary measures when compared to controls. In 
addition, responses on parental questionnaires indicated that over 70% of toddlers 
with NF1 were below average (<25th percentile) in terms of their productive 
vocabulary, use of irregular nouns and verbs and sentence complexity (Lorenzo et al., 
2010). Similarly, another study (Lorenzo et al., 2013) reported that 40-month-old 
children with NF1 displayed significantly poorer receptive and expressive vocabulary 
when compared to unaffected children. These studies indicate that toddlers with NF1 
display consistent language deficits, particularly related to expressive and receptive 
vocabulary. 
Preschool children with NF1 have also been reported to experience language and 
articulation difficulties. A detailed investigation of the language abilities of 19 
children with NF1 (3-5 years) was undertaken by Thompson and colleagues (2010). 
They found that 32% displayed delays in articulation, 37% showed receptive language 
delays and 37% demonstrated delays in their expressive language. Overall 68% 
demonstrated either a speech delay, language delay or a delay in all areas assessed 
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indicating the high risk of speech and language delays for preschool children with 
NF1 (Thompson et al., 2010). 
Brei and colleagues (2014) examined the language and functional communication 
skills of preschool children with NF1 (n=30, 4-6 years). They reported that a third of 
children displayed difficulties on at least one language index (i.e. receptive language, 
expressive language, language content, language structure) (Brei et al., 2014). Further 
they found that poorer performance on language measures (i.e. core language, 
expressive language, language content and language structure) was related to poorer 
parent-rated functional communication skills indicating that children’s language 
deficits translated to social functioning difficulties in real-world situations (Brei et al., 
2014). Similarly Klein-Tasman et al. (2014) reported poorer functional 
communication in young children with NF1 (n=40, 3-6 years) compared to unaffected 
children. In combination, these studies indicate that young children with NF1 are 
experiencing significant challenges in everyday functioning as a result of language 
difficulties.  
Language abilities in this young population appear to remain stable over time. A 
longitudinal study of young children with NF1 (n= 39) found that children’s 
productive vocabulary at 21 months of age significantly predicted their receptive and 
expressive vocabulary at 40 months of age (Lorenzo et al., 2015).  As described in 
section 2.3.9, children with poorer oral language abilities are at higher risk of later 
reading difficulties (Snowling & Melby-Lervag, 2016). It has been proposed that 
skills such as vocabulary play a significant role in the early reading development of 
young children by supporting growth of their phonological skills (Metsala, 1999). 
There has also been evidence to suggest that older children’s oral language abilities 
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are related to a range of literacy outcomes including reading accuracy, fluency and 
comprehension (Nation & Cocksey, 2009; Nation & Snowling, 2004; Ricketts, 
Nation, & Bishop, 2007; Storch & Whitehurst, 2002). To date the impact of language 
difficulties on preliteracy and literacy skills has not been extensively investigated in 
children with NF1. Further investigation in this area is needed, particularly 
longitudinal research that can determine the impact of very early language deficits on 
the later literacy skills of children with NF1. 
2.4.1.2 Preliteracy skills 
As described in section 2.3.3 preliteracy skills are those abilities that precede formal 
literacy development and as such may predict later reading ability or dyslexia. To 
date, little is known about preliteracy development in children with NF1. One study 
found parent-reported reading/pre-reading delays (below the 16th percentile) were 
present in 25% of preschool children with NF1 (n=54, 3-6 years) on the Parents’ 
Evaluation of Developmental Status: Development Milestones (Wessel et al., 2013). 
The only study to utilise child-direct objective assessments of preliteracy outcomes in 
young children demonstrated delayed letter-word identification in a cohort of 40-
month-old NF1 patients (n=43) compared to unaffected children (Lorenzo et al., 
2013). Although these preliminary findings suggest possible early signs of later 
literacy difficulties are identifiable in young children with NF1, the precise nature of 
these difficulties remains unclear.  
2.4.2 Middle to late childhood 
2.4.2.1 Expressive and receptive language 
Deficits in both expressive and receptive language have consistently been reported in 
school-age children with NF1. Mazzocco et al (1995) found that the performance of 
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children with NF1 was significantly lower than their unaffected siblings on measures 
of receptive syntactic language and expressive vocabulary. Another study reported 
that 58% (11/19) of children with NF1 failed a language screening test compared to 
only 16% (3/19) of their unaffected siblings (Dilts et al., 1996). Further testing of 
those who failed the screening test revealed both expressive language and receptive 
language deficits were present in 26% (5/19) of children with NF1 while 32% (6/19) 
displayed only expressive language impairments (Dilts et al., 1996).  
Billingsley et al. (2003a) also reported that children with NF1 demonstrated poorer 
performance than controls on measures of receptive and expressive vocabulary. While 
another study reported that children with NF1 had lower scores on a measure of 
expressive vocabulary (Hofman et al., 1994). In a large sample of children with NF1 
(n=81, 8-16 years), Hyman and colleagues (2005) found that 15% had receptive 
language delays and 2.5% expressive language delays. Further, 43.8% of children 
with NF1 had received some sort of speech therapy compared to only 4.1% of 
controls indicating significant functional language impairments (Hyman et al., 2005). 
Finally Cutting et al (2000) compared children with NF1 to LD clinic attenders and 
healthy controls. While the NF1 group resembled the LD group in a range of areas 
(i.e. reading, comprehension), the NF1 group had significantly poorer expressive 
vocabulary than both the LD and control groups (Cutting et al., 2000).  
Collectively these studies show that impairments in the language of school-age 
children with NF1 are common. Expressive language delays have been most 
frequently reported with impairments rates reported to be as high as 32% (Dilts et al., 
1996). Although it should be noted that in a larger sample, rates of expressive 
language difficulties were much lower (2.5%) and receptive language impairments 
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were estimated to be higher (15%) (Hyman et al., 2005). Of particular significance 
children with NF1 were not only found to perform more poorly on language measures 
than controls but also unaffected children with LD (Cutting et al., 2000). Further a 
significant proportion of children with NF1 have received speech therapy indicating 
that weaknesses on formal assessment measures are representative of real-world 
language impairments. Considering the close relationship between language and 
literacy skills (Nation & Snowling, 2004; Ouellette, 2006), these reported weaknesses 
in language are likely to place children with NF1 at an increased risk of literacy 
difficulties. 
2.4.2.2 Phonological and rapid automatic naming abilities 
As mentioned in section 2.3.3 phonological awareness is generally viewed as a skill 
necessary for successful reading (Castles & Coltheart, 2004). Deficits in phonological 
awareness have been noted in children with NF1 as well as difficulties with other 
aspects of phonological processing (e.g. phonological memory). One study reported 
that children with NF1 (n=19, 6-14 years) had significantly poorer phoneme 
segmentation and phonological memory when compared to their unaffected siblings 
(Mazzocco et al., 1995). Of note, Cutting et al (2000) found that children with NF1 
(n=20) performed more poorly than both unaffected children and children with LD 
(reading) on a phoneme segmentation task.  
Recently a large French study compared the phonological processing abilities of 
children with NF1 (n=75, 8-12 years old) to a control group of children matched for 
age, sex, handedness and reading-level (Chaix et al., 2017). The performance of 
children with NF1 was significantly poorer than controls on two measures of 
phonological awareness (phoneme deletion, blending) but not on a measure of 
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phonological memory (pseudoword repetition).  Further the authors reported that the 
NF1 group displayed impaired phonological awareness (i.e. blending) regardless of 
reading status (i.e. whether they had reading difficulties or not), IQ, SES, and 
attentional abilities and concluded that phonological awareness deficits are best 
viewed as inherent to the NF1 phenotype (Chaix et al., 2017). The authors did not 
provide a specific explanation for why this phonological deficit may occur. Contrary 
to a previous finding (Mazzocco et al., 1995), the authors also concluded that 
phonological memory may be preserved in NF1.  
To date, study findings regarding the RAN abilities of children with NF1 have been 
contradictory. One early study reported no significant differences between the NF1 
(n=19, 6-14 years) and unaffected groups on any RAN task (i.e. objects, colours, 
numbers, letters)(Denckla & Rudel, 1976). Similarly Cutting et al. (2000) compared 
school-age children with NF1 (n=20), unaffected LD children, and unaffected 
children, and reported no significant RAN differences (i.e. letters, numbers)(Denckla 
& Rudel, 1976) between the NF1 group and other groups. Interestingly, in line with 
previous research in the general population (Wolf et al., 2000), the unaffected LD 
group performed significantly poorer then unaffected children without LD on RAN 
tasks. The authors concluded that the RAN abilities of children with NF1 appear 
spared (Cutting et al., 2000). In contrast, another more recent study reported that 
children with NF1 performed similarly to children with reading difficulties from the 
general population, and they performed significantly poorer than controls on a 
composite (letters and numbers) RAN measure (Cutting & Levine, 2010). 
In summary, these findings clearly indicate that the reading profile of children with 
NF1 consists of impaired phonological abilities. It is less clear whether RAN deficits 
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are also typical of the NF1 reading profile. While it has been suggested that a core 
phonological deficit may underlie reading difficulties in NF1 (Chaix et al., 2017), it 
has not been established whether this deficit includes phonological memory. Future 
investigation of phonological and RAN abilities is needed. It would also be beneficial 
to examine phonological abilities in young children with NF1 to confirm specific 
areas of impairment and critical periods when they may emerge. This information 
would play a vital role in guiding design of future literacy interventions.  
2.4.2.3 Reading and reading comprehension 
The majority of studies investigating the reading abilities of children with NF1 have 
reported impairments in this area (Cutting & Levine, 2010). Children with NF1 
frequently perform significantly lower on measures of word reading when compared 
to unaffected siblings (Dilts, et al., 1996; Hofman, et al., 1994b; Mazzocco, et al., 
1995; (Lehtonen et al., 2015), controls (Billingsley et al., 2003a; Cutting et al., 2000) 
and normative data (Krab, Femke, et al., 2008). One study of 40 children with NF1 
revealed that 45% were performing well below other children their age (greater than 2 
years) on tests of reading accuracy (North et al., 1995). Another large study by 
Hyman and colleagues (2005) found that 32.1% of children with NF1 (n=81, 8-18 
years) assessed demonstrated word reading delays (1SD below normative mean).  
Further it was reported that 8.6% of school-aged children met criteria for an SLD in 
word reading (Hyman et al., 2006) using the DSM-IV-TR criteria (American 
Psychiatric Association, 2000) of performance below age expectations (1SD below 
the mean) and a significant discrepancy between IQ and word reading scores. Similar 
rates of reading difficulties have been reported in non-English speaking countries. 
Krab and colleagues (2008) investigated reading abilities in 86 Dutch-speaking 
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children with NF1 (7-17 years) and reported that 27% had a specific reading 
disability. In this study a reading disability was defined as a learning efficacy score in 
the reading domain below 85% (1 SD) with normal IQ (>85). In addition, high levels 
of reading disabilities have also been reported in Spanish-speaking children with one 
study reporting that 50% of children (n=32, 7-14 years) assessed had developmental 
dyslexia (Orraca-Castillo et al., 2014). Once again this study used different criteria 
with developmental dyslexia defined as impairment on a word and/or nonword 
reading measure (more than 2 SD below the mean) and normal IQ. Finally a study of 
French-speaking children reported that 41% of children with NF1 had reading 
difficulties and performed significantly below age expectations (1.5SD below the 
mean) on a measure of reading speed or accuracy (Chaix et al., 2017). Despite 
diagnostic discrepancies between studies, collectively they indicate that reading 
impairment is a significant feature of the NF1 phenotype regardless of orthography.  
Using the DRM (see section 2.3.6) as a framework, Watt and colleagues (2008) 
examined the word reading abilities of 30 school-age children with NF1 (7-16 years). 
All children completed standardised measures of single word reading as well as a 
modified version of the Castles and Coltheart Word/Nonword test (Edwards & 
Hogben, 1999). For this test, children were required to read a list of regular words (i.e. 
real words that follow letter-to-sound rules e.g. bed), irregular words (i.e. real words 
that disobey letter-to-sound rules e.g. quay) and nonwords (i.e. nonsense words that 
follow letter-to-sound rule e.g. gop). Results indicated that 67% of children with NF1 
experienced a difficulty (below 5th percentile; 1.64 SD below the mean) in one or 
more of the reading processes (i.e. irregular word, nonword reading). In addition, the 
frequency of each subtype of dyslexia (i.e. phonological, surface and mixed) as 
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proposed by the DRM framework was examined. Seventy-five percent of impaired 
NF1 readers were found to fulfil the criteria for phonological dyslexia and displayed a 
specific deficit in nonword reading (below 5th percentile; 1.64 SD below the mean), 
with significantly stronger (at least 0.5SD) irregular word reading. A smaller 
percentage of impaired readers (20%) were classified as having mixed dyslexia (i.e. 
impaired nonword and irregular word reading) or having difficulties both using letter-
sound knowledge (i.e. reading nonwords) and lexical procedures (i.e. reading irregular 
words)(Watt et al., 2008). Interestingly, when applying DSM-IV-TR (American 
Psychiatric Association, 2000) discrepancy criteria to the total group of 30 children, a 
smaller percentage (only 17%) of children were identified as having a SLD (Watt et 
al., 2008). This study adds to previous research reporting that discrepancy criteria for 
LD are problematic in children with NF1 (Mazzocco et al., 1995), as well as other 
children in the general population (Velluntino et al., 2004).  
Adequate word reading abilities are necessary for comprehending text (Castles et al., 
2018; Tunmer & Chapman, 2012), therefore it is not surprising that in addition to 
basic reading difficulties children with NF1 also display difficulties with reading 
comprehension. One study reported that children with NF1 displayed poorer reading 
comprehension abilities then their unaffected siblings (Mazzocco et al., 1995). While 
North and colleagues (1995) reported that 47.5% of children performed at least two 
years below age expectations on reading comprehension tasks. Finally another study 
found that children with NF1 (n=20) performed significantly poorer on a measure of 
reading comprehension then normally developing readers (Cutting et al., 2000).  
Cutting and Levine (2010) specifically aimed to explore the cognitive profile of 
children with NF1 and reading disabilities. They did this by comparing the 
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performance of the following four groups of children; children with NF1 and a 
reading disability, children with NF1 without a reading disability, unaffected children 
with a reading disability (idiopathic) and unaffected controls. In this study reading 
disability was defined either using a low-achievement (word reading score at or below 
25th percentile) or as a discrepancy (word reading score 1.5SD or 22 points below IQ 
score) (Cutting & Levine, 2010). Findings from the study indicated that the children 
with NF1 and a reading disability performed very similarly to the unaffected children 
with a reading disability on phonological, rapid naming and reading comprehension 
tasks (Cutting & Levine, 2010). Further those children with NF1 and a reading 
disability did not display significant weaknesses in oral language, nor were their 
reading abilities significantly related to ADHD diagnosis. Interestingly, for children 
with NF1 and a reading disability, there was a significant moderate association 
between visuospatial skills and word reading, which was not present for any of the 
other groups  (Cutting & Levine, 2010). Further when comparing the children with 
NF1 and a reading disability to the two unaffected groups, they showed significantly 
greater visuospatial deficits (Cutting & Levine, 2010). The authors concluded that 
children with NF1 and a reading disability are characterised by a distinct visuospatial 
impairment, compared to the other three groups who display relatively intact 
visuospatial abilities. The authors suggested that interventions improving reading 
abilities in children with NF1 should have a more phonological (i.e. teaching letter-to-
sound relationships) rather than a visual emphasis (Cutting & Levine, 2010). 
In summary, these studies suggest that reading difficulties are common in NF1. 
Further, despite differences between studies regarding the definition used, children 
with NF1 appear to be at increased risk of being diagnosed with dyslexia. Most 
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studies report significantly higher rates (27-67%) than the 7% (Peterson & 
Pennington, 2015) observed in the general population. While one study reported  that 
only 8.6% of children met diagnostic criteria for an SLD in reading (Hyman et al., 
2006) it is likely that this criteria underestimated the frequency of SLD. This indicates 
that it is important for future studies to consider appropriate and valid methods of 
classifying dyslexia. Findings from Watt et al. (2008) also suggest that children with 
NF1 show specific impairments in nonword reading indicating that it is important for 
future to studies to include measures which assess different types of word reading (i.e. 
nonword, irregular word). Finally, to date there has been relatively less research into 
literacy abilities beyond basic word reading. Future investigation into the reading 
fluency and comprehension abilities of children with NF1 would be beneficial as 
deficits in these area may result in significant functional impairment in terms of 
academic and occupational success (Cutting, Materek, Cole, Levine, & Mahone, 
2009).  
2.4.2.4 Spelling and written expression 
Spelling ability has been shown to provide a good indication of mastery of the 
alphabetic principle (Ehri, 2000) and also of reading ability (Caravolas, Hulme, & 
Snowling, 2001; Developing Early Literacy: Report of the National Early Literacy 
Panel, 2008; McBride-Chang, 1998; Stage & Wagner, 1992). Although spelling is an 
area that has not been extensively investigated (Levine et al., 2006), there is some 
indication that children with NF1 experience spelling difficulties compared to both 
unaffected children (Billingsley et al., 2003a) and age/grade norms (De Winter et al., 
1999; Krab, Femke, et al., 2008; Lehtonen et al., 2015; Moore, Ater, Needle, Slopis, 
& Copeland, 1994). One study of 40 children with NF1 reported that 32.5% 
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performed at least two years below age norms on spelling measures (North et al., 
1995). Another study using the IQ-discrepancy definition of SLD as per DSM-IV-TR 
(American Psychiatric Association, 2000) reported that 8.6% of children had a 
spelling disability (Hyman et al., 2006).  
Written expression also has not been studied extensively in NF1 although there is 
evidence to suggest that the performance of children with NF1 is significantly poorer 
than their unaffected siblings (Dilts et al., 1996; Hofman et al., 1994). Further Dilts et 
al (1996) reported that children with NF1 displayed significantly poorer performance 
on a written expression measure when compared to their reading and mathematics 
performance. It is likely that the high levels of deficits in reading may significantly 
impact on the written expression of children with NF1 as children who are poor 
readers are also likely to become poor writers (Juel, 1988). In addition, the reported 
fine motor difficulties (Dilts et al., 1996; Hyman et al., 2003) in this population may 
negatively impact upon children’s performance on written expression measures. 
In summary, while there is significantly less investigation into the spelling and 
writing abilities of children with NF1, there is still evidence to suggest they 
experience difficulties in these areas. However it is not known whether the children 
reported to have spelling difficulties in this section also had reading difficulties. 
Consequently no conclusion can be made as to whether there is an underlying 
phonological deficit causing both areas of weakness. It would be beneficial for future 
research to investigate the incidence of comorbid literacy difficulties in children with 
NF1. 
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2.4.3 Language and literacy-related imaging findings in children with NF1 
Few studies have specifically investigated possible neural correlates of the literacy 
abilities of children with NF1. This information would assist in identifying possible 
markers for reading difficulties as well as providing insight into potential targets for 
treatment. Based on findings from the general population that suggest a possible 
relationship between lack of asymmetry in the PT and risk of dyslexia (Altarelli et al., 
2014; Galaburda et al., 1985), one study examined the structural abnormalities of 
children with NF1, in particular whether the PT was associated with LD (Billingsley, 
Schrimsher, Jackson, Slopis, & Moore, 2002). Results indicated that boys with NF1 
had reduced surface area and volume in the left PT and decreased left-right PT 
asymmetry compared to girls with NF1 and unaffected children. They also reported a 
significant relationship between lack of asymmetry and a greater discrepancy between 
reading comprehension performance and IQ scores, with poorer comprehension 
related to less PT asymmetry. They concluded that greater symmetry of the PT is 
associated with an increased risk of reading difficulty in children with NF1 
(Billingsley et al., 2002). However an important limitation of the Billingsley et al. 
(2002) study was that children in the NF1 group did not differ from the controls on 
reading or phonological processing measures. Therefore it would be beneficial for 
future research to investigate structural differences in children with NF1 with and 
without reading difficulties.  
Based on findings in the general population that morphologic anomalies are 
associated with reading and language impairments, Billingsley et al. (2003a) later 
examined the structure of the IFG and Heschl gyrus (HG) in children with NF1 
compared to controls. Results indicated that there was no significant difference for 
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IFG morphology between groups but interestingly those children with NF1 who had 
an extra ‘atypical’ gyrus in the right hemisphere performed better on language tasks 
than those with typical gyral morphology (Billingsley et al., 2003a). In addition, 
compared to controls, fewer children with NF1 had HG duplication in the left 
hemisphere. Further HG duplication was related to poorer verbal memory (Billingsley 
et al., 2003a). The authors concluded that the relationship between language and the 
right hemisphere may indicate that children with NF1 and poor language are more 
likely to be right hemispheric dominant for language (Billingsley et al., 2003a). 
Billingsley and colleagues (2003b) also examined the possible neural bases for 
phonological processing abilities in NF1 using fMRI. Results indicated that children 
with NF1 displayed different patterns of activation when completing phonological 
tasks, compared to controls (Billingsley et al., 2003b). Specifically, children with NF1 
were more likely to recruit frontal regions relative to posterior (temporal, parietal, 
occipital) regions although activation patterns varied according to the task involved 
(Billingsley et al., 2003b). Auditory phonological processing tasks resulted in greater 
activation in the inferior frontal cortex, particularly in the right hemisphere 
(Billingsley et al., 2003b). These differ somewhat from findings in the general 
population where individuals with reading impairment tend to display hyperactivation 
in the left hemisphere and hypoactivation in the TPC (Shaywitz et al., 1998). Also 
compared to controls, individuals with NF1 displayed less frontal activation compared 
to posterior activation during an orthographic task (Billingsley et al., 2003b). Further 
there were significant correlations between performance on this orthographic task and 
reading and spelling measures suggesting that performance on the task was indicative 
of ability to map phonemes to graphemes (Billingsley et al., 2003b). The authors 
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concluded that the patterns of activation observed may represent compensatory 
recruitment of alternate brain regions due to dysfunction in the typical regions 
(Billingsley et al., 2003b). 
To date, there are many areas of brain structure, function and connectivity that need to 
be further explored in children with NF1. As evident in the general population there 
are distinct neural correlates of reading that are present across cultures and from early 
stages of development (Xia et al., 2017). It would be beneficial for future research to 
investigate how literacy difficulties may relate to abnormalities in brain structure and 
function in children with NF1 and whether imaging techniques could be used to 
identify children with literacy difficulties. 
2.4.4 Reading interventions 
To date, only one study has reported on the benefits of reading instruction in children 
with NF1 and reading deficits (Barquero et al., 2015). In this study, a reading deficit 
was defined as poor performance (below 25th percentile) on either word or nonword 
reading measures. Forty-nine children (8-14 years) with either NF1 and reading 
deficits (n=17) or idiopathic reading deficits (n=32) were randomized to intensive 
remedial teaching using one of two multi-sensory treatments (A or B). The study also 
included two control groups; a waitlist idiopathic reading deficits group (n = 14) and a 
group of unaffected children (n =26). Treatment A consisted of a kinesthetic treatment 
focused on tactile-based teaching methods (NF1 and reading deficits n=8, idiopathic 
reading deficits n=14). In contrast Treatment B emphasized visuospatial 
discrimination (NF1 and reading deficits n=9, idiopathic reading deficits n=18) 
(Barquero et al., 2015). Both treatments consisted of 15 hours of direct, individualized 
instruction in phonological awareness and sound-symbol correspondences, over a five 
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day period (usually 5 hours over 3 days) (Barquero et al., 2015). Basic word reading 
abilities improved in both NF1 treatment groups, compared to controls with moderate 
effect sizes reported (Barquero et al., 2015). The idiopathic reading deficits group 
showed similar improvement to treatment A and B. In contrast, for the NF1 and 
reading deficits group the kinesthetic treatment resulted in greater relative 
improvement suggesting that treatments which reduce visuospatial demands may be 
more successful in this population (Barquero et al., 2015). The authors reported that 
ADHD status did not influence children’s response to treatment (Barquero et al., 
2015). This study is significant as it was the first, non-pharmacological treatment trial 
for cognition conducted in children with NF1. It provides important evidence that 
reading deficits in NF1 can be successfully treated using evidence-based mainstream 
methods of reading instruction. It also suggests that a mainstream intervention can 
result in benefits, regardless of the attention skills of children with NF1. Limitations 
of this study included the relatively small sample size, differences in treatment group 
sample sizes and differing levels of reading abilities in treatment groups (Barquero et 
al., 2015). 
To date, there has only been one study investigating treatment of reading difficulties 
in children with NF1. Further investigation of literacy interventions is needed to build 
on these findings using different types of treatment, careful experimental design and 
larger samples. It would also be beneficial to examine the impact of reading 
intervention on skills more distal to word reading (i.e. comprehension, spelling), to 
explore the relationship between response to intervention and individual 
characteristics of participants (i.e. cognitive abilities, sex, age, SES) and to include a 
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follow-up assessment of participants to ensure improvements are maintained long-
term. 
2.4.5 Summary and rationale for current studies 
There is a large body of research describing the high frequency of academic 
difficulties experienced by children with NF1 with reading skills being the most 
commonly investigated. The estimated rates of dyslexia in children with NF1 range 
from 8.6% to 67% depending on the criteria used and highlight the need for a uniform 
approach to diagnosis. While it is evident that children with NF1 are at high risk of 
reading difficulties there are still a number of questions that remain.  
While there is evidence to suggest that school-age children with NF1 display 
significant difficulties in literacy precursor skills such as phonological awareness 
(Chaix et al., 2017), no studies have investigated the phonological skills of young 
children with NF1. Further, only one study has included an objective measure of a 
significant preliteracy skill, letter-word identification in young children (40 months 
old) with NF1 (Lorenzo et al., 2013). Results of this study indicated that their 
performance on a letter/word identification task was significantly poorer than 
unaffected children. In combination, these studies provide preliminary evidence that 
preliteracy skills may be impaired in young children with  NF1. There is evidence to 
suggest that the preschool period and first year of schooling is a significant period for 
the development of preliteracy abilities such as phonological skills and letter-sound 
knowledge (Blaiklock, 2004; Lonigan et al., 2009; Whitehurst & Lonigan, 1998). This 
suggests that five to six years may be a critical time period to assess children’s 
preliteracy abilities. Investigation of the preliteracy skills in young children with NF1 
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is needed and ultimately would allow for early literacy intervention for those children 
who are potentially at a higher risk of later reading difficulties. 
To date, there has been little investigation into the specific impairments that may 
underlie reading difficulties in school-age children with NF1. Models of reading, such 
as the DRM (Coltheart et al., 2001), describe the individual components that are 
needed for adequate word reading ability, thereby providing a systematic method of 
assessing reading subskills and identifying difficulties. For example, the DRM 
proposes that that in order to adequately decode words (using the sublexical reading 
route) children require the following subskills: the ability to correctly identify letters, 
to produce the appropriate sounds corresponding to these letters, and finally to blend 
these sounds together to produce the word (Coltheart et al., 2001). While Watt et al. 
(2008) used the DRM as a framework to identify dyslexia in children with NF1, the 
majority of whom were classified as having phonological dyslexia (i.e. sublexical 
impairment), they did not examine the underlying subskills and factors that may have 
contributed to this impairment. Further the relatively small sample size and lack of a 
control group in this study limits the generalisability of the results. To improve our 
understanding of the reading difficulties frequently experienced by children with NF1, 
it is essential to further investigate the specific types of reading impairment (i.e. 
sublexical, lexical) in children with NF1 and associated weaknesses in underlying 
subskills.  
In addition, the relationship between reading difficulties and other cognitive 
impairments in children with NF1 is not well defined. Findings from one study 
(Cutting & Levine, 2010) suggest a possible link between visuospatial weaknesses 
and reading deficits. Further Cutting and Levine (2010) reported that ADHD 
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symptomatology was not significantly related to reading outcomes. In contrast 
another study identified higher rates of ADHD in children with reading impairments 
(Hyman et al., 2006). Additional investigation into the relationship between 
weaknesses in visuospatial functioning, attention and reading is needed. Moreover, 
little is known about the impact of executive abilities such as working memory on 
reading in NF1. In the general population, children with poorer working memory are 
at higher risk of reading difficulties (Wang & Gathercole, 2013). Considering the high 
incidence of working memory deficits reported in NF1 (Payne et al., 2012) the 
relationship between working memory and reading abilities in NF1 warrants further 
investigation.  
Finally, despite the high incidence of reading and reading-related difficulties reported 
in children with NF1, there has only been one study examining the effects of a reading 
intervention. In the general population, the potential lifelong negative implications of 
dyslexia are widespread including increased risk of emotional and behavioural 
problems, as well as poorer academic and occupational outcomes (Arnold et al., 2005; 
Castles et al., 2018; Daniel et al., 2006; 2015). This indicates the significant need for 
further investigation into effective treatment options for reading difficulties in NF1. 
Also additional research is needed assessing treatment effects (immediate and long-
term), not only on those abilities specifically being targeted by the reading 
intervention (i.e. word reading), but also on those more distal such as reading fluency, 
spelling and comprehension.  
In addition, further examination of the cognitive factors that may impact on the 
efficacy of reading interventions would be beneficial. The only reading treatment 
study conducted to date found that a small group of children with NF1 and reading 
127 
difficulties responded better to a reading intervention with fewer visuospatial 
demands as opposed to an intervention with more kinaesthetic demands (Barquero et 
al., 2015). The authors concluded that reading interventions that rely less on 
visuospatial skills are better suited to children with NF1 (Barquero et al., 2015). 
However, it should be noted that the relationship between children’s response to 
treatment and their visuospatial functioning was not specifically examined. 
Furthermore in this study, contrary to a previous finding (Cutting & Levine, 2010), 
children with NF1 and reading difficulties did not display distinct visuospatial deficits 
compared to an idiopathic group of children with reading difficulties (Barquero et al., 
2015). Further exploration of the impact of visuospatial weaknesses and other 
cognitive deficits (i.e. working memory, language) on treatment outcomes is needed.  
In the following sections of this thesis are two published papers and a manuscript 
which aim to address these gaps in our knowledge by providing a detailed description 
of the literacy abilities of children with NF1, from preschool through to later school 
years, and to trial a treatment for children with reading difficulties. The first published 
paper is a cross-sectional study which aims to describe the preliteracy abilities of 
young children (aged 5-6 years) with NF1 compared to an unaffected control group. 
The second paper is a manuscript describing a cross-sectional study investigating the 
reading abilities and related cognitive skills of school-age children (7-12 years) 
compared to unaffected controls. In addition, children from this study identified as 
having reading difficulties were invited to participate in the intervention described in 
the third paper. The third published paper describes a reading intervention for school-
age children with NF1 (7-12 years) and reading difficulties. Collectively, these studies 
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aim to contribute to a better understanding of the reading profile of children with 
NF1, and to establish the efficacy of reading intervention in this population.  
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CHAPTER 3 
General Methodology  
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3 General Methodology 
3.1 Participants 
Children with NF1 participating in the following studies were recruited primarily 
from the Neurogenetics Clinic at The Children’s Hospital at Westmead. The clinic is 
an outpatient service which caters for approximately 680 children with NF1 who 
come from a broad range of socio-economic backgrounds and are primarily located 
throughout the Sydney Metropolitan area. Children are generally referred to the clinic 
by GP’s, Paediatricians and the Children’s Tumour Foundation of Australia. All 
children referred to the clinic undergo a comprehensive medical review and a 
diagnosis of NF1 according to the National Institute of Health Consensus (NIH) 
diagnostic criteria (1988) is made if appropriate. All relevant information from clinic 
visits is stored in a NF1 database.  
All participants with NF1 satisfied the following inclusion criteria:  
• met the NIH criteria for NF1 (National Institutes of Health, 1988) 
They also satisfied the following exclusion criteria: 
• no diagnosed intracranial pathology (i.e. symptomatic optic gliomas) 
• no loss of vision or hearing  
• adequate English (i.e. ability to understand all task instructions) 
A group of typically developing controls was also recruited for the studies described 
in Chapter 4 and 5.  
All control participants satisfied the following exclusion criteria: 
• no diagnosed developmental disorder (i.e. autism spectrum disorder, ADHD) 
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• no significant loss of vision and/or hearing that may impact on the validity or 
reliability of study assessments.    
• adequate English (i.e. ability to understand all task instructions) 
Other methods including details on participants recruited for each study and specific 
inclusion and exclusion criteria for each of the subsequent studies is presented in the 
relevant study chapter.    
3.2 Procedure 
Each of the studies received ethics approval from The Children’s Hospital at 
Westmead and the University of Sydney Human Research Ethics Committees. 
Children within the target age range for the studies were approached via various 
methods; 1) families who attended the Neurogenetics clinic were briefly informed 
regarding the study by their physician and if they expressed interest in participation 
were instructed to telephone/email the study investigators, 2) families referred from 
the Neurogenetics clinic for a routine evaluation of neuropsychological functioning 
were informed regarding the study and given the opportunity to participate, 3) 
families in the Neurogenetics clinic NF1 database were sent information regarding the 
study via mail with the option to contact the study investigators via telephone/email if 
they were interested in participation, and 4) an advertisement was placed in the 
Neurofibromatosis Association of Australia newsletters and on their website 
(Appendix 7) directing families interested in participation to contact the study 
investigators. Those families who expressed interest in a study and potentially eligible 
children from the Neurogenetics clinic database were sent a cover letter (Appendix 4) 
and information sheet (Appendix 2 and Appendix 3).  
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The typically developing children in the control group were recruited via four 
methods: a larger longitudinal study investigating cognitive development in children 
with NF1 compared to unaffected children (Lorenzo et al., 2015), local primary 
schools in the Sydney metropolitan area, advertisements placed in local community 
newspapers and on noticeboards located throughout the Children’s Hospital at 
Westmead (Appendix 8).  
Recruitment through primary schools involved the study investigators contacting the 
school’s principal and providing them with an information sheet (Appendix 6). Those 
schools who were willing to participate distributed the parent information sheet and 
consent form (Appendix 5). Parents who were interested in their child participating 
were asked to return the signed consent form or telephone/email the study 
investigators to organise a time for their child to be assessed. 
Written informed consent was received from parents/guardians of all participants as 
all participants were younger than 18 years of age (Appendix 2, Appendix 3, 
Appendix 5). Study investigators conducted an interview with parents/guardians of all 
participants regarding their child’s developmental and educational background 
(Appendix 9 and Appendix 10). Participants were assessed at the Clinical research 
facilities at the Children’s Hospital at Westmead and assessments typically lasted 
between two to four hours, depending on the relevant study protocol. Breaks were 
provided as needed. Parents were asked to complete questionnaires regarding their 
child’s development and behaviour. Parents of participants were provided with a 
verbal and written summary of their child’s results following their participation. 
Children also received certificates acknowledging their participation (Appendix 11). 
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Further details of the assessment procedures for each study is provided in the relevant 
study chapters. 
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3.3 Measures 
The tests used in each study and information regarding their reliability (where 
available) are listed in alphabetic order in Table 3.1.
Table 3.1. Test battery for the studies 
Study 1 (Preliteracy), Study 2 (Reading profile) and Study 3 (Reading treatment) 
Test Domain Preliteracy Reading profile 
Reading 
treatment  
A developmental neuropsychological assessment 
(Korkman et al., 1998) 
Receptive language 
skills •   
A developmental neuropsychological assessment 
- II  (NEPSY-II; Korkman, Kirk, & Kemp, 2007) 
Phonological 
encoding/decoding 
 • • 
Assessment of Comprehension and Expression 
(ACE; Adams, Crooke, Crutchley, Hesketh et al., 
2001) 
Expressive vocabulary   • 
Blending nonwords (McArthur, Coltheart, 
Castles, & Kohnen, 2008) Blending sounds 
 • • 
Castles & Coltheart Test 2 (CC2; Castles, 
Coltheart, Larsen, Jones et al., 2009) Reading accuracy 
 • • 
Comprehensive Test of Phonological Processing 
(CTOPP; Wagner, Torgersen, & Rashotte, 1999) Phonological processing •   
Conners 3rd Edition –Parent Questionnaire 
(Conners 3; Conners, 2008) Attention 
 • • 
Conners ADHD/DSM-IV Scales (CADS; 
Conners, 1999) Attention •   
Conners Kiddie Continuous Performance Test 
(K-CPT), Conners Continuous Performance Test 
-Version II (CPT-II )(Conners, 2000, 2001b) 
Attention •   
Cross-case copying (McArthur et al., 2008) Letter knowledge  • • 
GPC test (McArthur et al., 2008) Letter-sound knowledge, parsing 
 •  
Judgment of Line Orientation Test (JLO; Benton, 
Varney, & Hamsher, 1976) Visuospatial functioning 
 • • 
Letter orientation test (LOT; McArthur et al., 
2008)) Letter knowledge 
 •  
Letter-sound test (LeST; Kohnen, McArthur, 
Larsen & Castles, 2009) Letter-sound knowledge • • • 
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Test Domain Preliteracy Reading profile 
Reading 
treatment  
Peabody Picture Vocabulary Test – 4th Edition  
(PPVT-4; Dunn & Dunn, 2007)),  
Semantics, Receptive 
vocabulary 
 • • 
Phonological lexicon task (McArthur et al., 
2008) 
Phonological 
representation of spoken 
words 
 •  
Test of Everyday Attention for Children (TEA-
CH; Manly, Robertson, Anderson & Nimmo-
Smith, 1999) 
Attention  • • 
Test of everyday reading comprehension (TERC; 
McArthur, Castles, Larsen, Jones et al., 2010) Reading comprehension 
 • • 
Test of Orthographic choice (TOC; Kohnen, 
Anandakumar, McArthur, & Castles, 2012) Written word recognition 
 •  
Test of Visual Perceptual Skills (Non-motor) – 
Revised (TVPS-R; Gardner, 1996) Visuospatial functioning •   
Test of Word Reading Efficiency (TOWRE; 
Torgesen, Wagner & Rashotte, 1999) Reading fluency 
 • • 
Wechsler Abbreviated Scale of Intelligence 
(WASI-II; Wechsler, 1999) IQ 
 • • 
Wechsler Individual Achievement Test, 2nd 
Edition (WIAT-II; Wechsler, 2002) Spelling, Mathematics • • • 
Wechsler Intelligence Scale for Children, 4th 
Edition (WISC-IV; Wechsler, 2003) IQ/Working memory 
 • • 
Wechsler Preschool and Primary Scale of 
Intelligence - 3rd Edition (WPPSI-III; Carstairs, 
2004) 
IQ •   
 
A Developmental Neuropsychological Assessment (NEPSY)(Korkman et al., 
1998): This measure was designed for assessment of neuropsychological development 
in children aged three to 12 years and contains 27 subtests. In this thesis 
Comprehension of Instructions was the only subtest used. This subtest required 
children to carry out increasingly complex spoken directions and was used as a 
measure of receptive language abilities. The subtest was discontinued following four 
consecutive errors. Scaled scores were calculated according to age and higher scores 
indicated better performance (M=10, SD=3).  The average test-retest reliability 
coefficient for this subtest for children aged five to 12 years is 0.73 (Korkman et al., 
1998). 
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A Developmental Neuropsychological Assessment, Second Edition (NEPSY-II) 
(Korkman, Kirk, & Kemp, 2007): An updated version of the NEPSY for children 
aged three to 16 years which contains 32 subtests. The only subtest used for this thesis 
was Repetition of Nonsense Words which assessed children’s phonological encoding 
and decoding. The task required children to listen to nonsense words of increasing 
length and complexity and repeat them back. The subtest was discontinued following 
four consecutive errors. Scaled scores were calculated according to age and higher 
scores indicated better performance (M=10, SD=3). The average test-retest reliability 
coefficient for this subtest for children aged seven to 12 years is 0.80 (Korkman et al., 
2007). 
Assessment of Comprehension and Expression 6-11 (ACE)(Adams, Cooke, 
Crutchley, Hesketh, & Reeves, 2001): This measure assesses comprehension and 
expression of children aged six to 11 years and contains five subtests. The Naming 
subtest was used in this thesis to provide a measure of expressive vocabulary. 
Children were shown various pictures and asked to name them. Children received a 
scaled score according to their age and higher scores indicated better performance 
(M=10, SD=3). The average internal consistency coefficient for this subtest for 
children aged six to 11 years is 0.78 (Adams et al., 2001). 
Blending nonwords: This task is a measure of children’s phonological output and 
assesses ability to blend sounds together. Children were presented with 28 items. For 
each item children listened to a nonword that was segmented into phonemic parts (e.g. 
v - ar) and were asked to “put the parts together to make a complete, made-up word” 
(McArthur, Coltheart, Castles, & Kohnen, 2008). The test was discontinued after five 
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consecutive errors and each correct identification was given one point. Raw scores 
were reported, and higher scores indicated better performance. 
Castles and Coltheart Word/Nonword test 2 (CC2)(Castles et al., 2009a): This 
measure assesses children’s accuracy for reading single words. It consisted of 40 non-
words (nonsense words that follow letter-to-sound rules) intermingled in a set order 
with 40 regular words (real words that follow letter-to-sound rules) and 40 irregular 
words (real words that cannot be read accurately using letter-to-sound rules). Children 
were presented with words one at a time on an individual card and asked to read each 
word aloud. When they made five consecutive errors for a word type (i.e. regular, 
irregular, nonword) then presentation of that word type was stopped. Children were 
then only presented with words of other types until the stopping rule was met for each 
word type. Raw scores were converted to z scores based on the child’s age and higher 
scores indicated better performance (M=0, SD=1). 
Conners Attention Deficit Hyperactivity Disorder/Diagnostic and Statistical 
Manual of Mental Disorders Fourth Edition (ADHD/DSM-IV) Scales - Parent 
Rating Forms (CADS-P)(Conners, 1999): This is a questionnaire measure of ADHD 
symptomatology displayed by children aged three to 17 years. Only parent-rated 
questionnaires were used for this thesis and T scores were calculated for the ADHD 
index only (M=50, SD=10). Higher scores indicated greater ADHD symptomatology. 
The average internal consistency coefficient for males is 0.94 and for females is 0.92 
(Conners, 1999). 
Conners 3rd Edition – Parent (Conners 3) (Conners, 2009): This is an updated 
version of the Conners ADHD/DSM-IV scales and provides a measure of ADHD 
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symptomatology and other problem behaviours displayed by children aged  six to 18 
years according to the Diagnostic and Statistical Manual of Mental Disorders Fourth 
Edition Text Revision (DSM-IV-TR). In this thesis, parent-rated questionnaires were 
used, and T scores were reported for the Inattention and Hyperactivity scales (M=50, 
SD=10). Higher scores indicated more problem behaviours. Internal consistency 
coefficients are 0.93 for the Inattention scale and 0.94 for the Hyperactivity scale. 
Test-retest reliability values range from 0.85 to 0.89 (Conners, 2009). 
Conners Continuous Performance Test – Version II (CPT-II )(Conners, 2000): 
This is a computerised continuous performance test for children aged six years and 
older. It involved children sustaining their attention for a 14-minute period while 
pressing a button for all visual stimuli except one target stimulus (i.e. press the button 
for every letter except the letter ‘x’). The test produced a number of scores but only 
omissions scores (i.e. the number of targets that were not responded to) were reported 
for this thesis. Raw scores were converted to T scores using normative data (M=50, 
SD=10). High omission scores indicated lack of response to stimuli and were used as 
an indicator of poor sustained attention. Split-half reliability for commissions is 0.65 
and for omissions is 0.84 (Conners, 2000). 
Conners Kiddie Continuous Performance Test (K-CPT)(Conners, 2001b): This is 
an alternate version of the CPT-II which provides a measure of sustained attention in 
children aged four and five years of age. Similar to the CPT-II, children were required 
to sustain their attention to computerised stimuli and press a button for a specific 
visual target (i.e. press the button every time you see the soccer ball). This test was 
half the length of the CPT-II (approximately seven minutes) to make it more 
appropriate for younger children. For this thesis, only omission scores were reported 
139 
as T-scores and higher scores indicated poorer sustained attention (M=50, SD=10). 
Split-half reliabilities range from 0.83 (commissions) to 0.88 (omissions) (Conners, 
2001b). 
Cross-case copying:  A measure of children’s basic letter knowledge. Children were 
presented with 14 items. Each item consisted of a single letter printed in either upper 
or lower case. Children were asked to write the letter in upper case if it is presented in 
lower case and vice versa (McArthur et al., 2008). Each correct response was given 
one point and raw scores were reported. Higher scores indicated better performance. 
Comprehensive Test of Phonological Processing (CTOPP)(Wagner, Torgersen, & 
Rashotte, 1999): A measure of phonological processing abilities for individuals aged 
five to 24 years. It includes seven subtests and generates three composite variables; 
phonological awareness, phonological memory and rapid automated naming (RAN). 
The phonological awareness composite included the following subtests; elision 
(deleting a phoneme from a word); blending, (blending phonemes together to make a 
word); and sound-matching (identifying objects that begin with a specific sound). The 
phonological memory composite comprised of memory for digits (repeating a string 
of number of increasing length) and nonword repetition (repeating nonsense words of 
increasing length and complexity). The RAN composite included the rapid color and 
rapid object naming subtests (naming objects or colours as quickly as possible). All 
subtests and composite scores were reported for this thesis. Children’s raw scores on 
subtests were converted to scaled scores according to their age (M=10, SD=3). 
Composite scores were reported as standard scores and higher scores indicated better 
performance (M=100, SD=15). Internal consistency coefficients for the subtests range 
from 0.77 (memory for digits) to 0.93 (sound matching) (Wagner et al., 1999). 
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Grapheme-Phoneme Correspondence (GPC) test: This test assesses children’s 
letter-sound knowledge at the word level. Children were required to read aloud 39 
nonsense words. The words were printed on A4 sheets, three words were printed on 
the first page and six words on each following page. Children were told they would be 
shown some made-up words and asked to read them aloud (McArthur et al., 2008). 
Each correctly read word received one point and raw scores were reported. Higher 
scores indicated better performance. 
Index of Relative Socio-Economic Advantage and Disadvantage ("Statistical Local 
Area, Table 2: Socio-Economic Indexes for Areas (SEIFA), data cube: Excel 
spreadsheet, cat. no. 2033.0.55.001," 2011): This index was used to provide an 
estimate of Socio-Economic Status (SES). Geographic areas were ranked in terms of 
their socio-economic advantage and disadvantage. Areas received a decile score 
ranging between one and 10, with the lowest 10% of areas allocated a decile of one 
and the highest 10% of areas receiving a decile of 10.  
Judgement of Line Orientation task (JLO)(Benton, Sivan, Hamsher, Varney, & 
Spreen, 1983): This was used as a measure of visual-spatial abilities. The task is 
designed for individuals aged seven years and above. Children were required to match 
two lines oriented at different angles to a set of 11 angled lines arranged in a semi-
circle. There were 30 items and scores were converted to z scores according to 
children’s age (M=0, SD=1). Split-half reliability for the JLO is 0.89 (Benton et al., 
1983). 
Letter Orientation Task (LOT): This was used as a measure of letter identification. 
It involved children viewing 54 lower and upper-case letters printed on an individual 
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A4 sheet in the correct or incorrect orientation (reversed). Children were instructed to 
specify whether the letter was facing the correct way or “flipped backwards” 
(McArthur et al., 2008). One point was awarded for each correct response and raw 
scores were reported. Higher scores indicated better performance. 
Letter-Sound Test (LeST)(Larsen, Kohnen, Nickels, & McArthur, 2015): This was 
used as a measure of letter-sound knowledge. It involved presenting children with 51 
single letters or letter combinations (i.e. ‘sh’) displayed across four pages (9-14 items 
per page) in an A4 booklet. Alternate administration involved showing children letters 
and letter combinations printed on individual flashcards. Children were shown the 
items and asked to identify what sound each item makes. Feedback was provided for 
the first three items. One point was awarded for each correct answer and there was no 
discontinue rule. For booklet administration (Chapter 5, 6) raw scores were reported. 
For flashcard administration (Chapter 4) the raw scores were converted to z scores 
based on the grade of the child (M=0, SD=1). 
Phonological Lexicon task: This task was used to provide a measure of children’s 
phonological representation of spoken words. It involved the examiner reading aloud 
30 words, half of which sounded like a real word (e.g. rain) and the other half 
nonwords (e.g. hane). Children were instructed to decide whether the word was a real 
word or not (McArthur et al., 2013a). One point was awarded for each correct item 
and raw scores were reported with higher scores indicating better performance. 
Peabody Picture Vocabulary Test – 4th Edition (PPVT-4)(Dunn & Dunn, 2007): 
This test assesses receptive vocabulary in individuals aged two years, six months to 
90 years. It was used to assess receptive vocabulary and also to provide a measure of 
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semantic knowledge. It involved showing children four pictures and they were asked 
to select the picture named by the examiner. Children received a standard score 
according to their age and higher scores indicated better performance (M=100, 
SD=15). For this test, average split-half reliability is 0.94 and test-retest reliability is 
0.93 (Dunn & Dunn, 2007). 
Test of Everyday Attention for Children (TEA-Ch)(Manly, Robertson, Anderson, 
& Nimmo-Smith, 1999): This measure assesses various aspects of attention in 
children aged six to 16 years. There are nine subtests in total but for this thesis only 
four subtests were reported. The Sky Search subtest was used to provide a measure of 
visual selective attention and it was a timed task which involved children searching 
for targets amongst various visual distractors. The Score! subtest was used to assess 
sustained attention and required children to listen to an audio CD and count the 
sounds heard. The Creature counting subtest was used to assess ability to switch 
attention and involved children switching between counting animals upwards and 
backwards. This subtest produced a score for speed and another for accuracy but for 
this thesis only the accuracy score was used. The Sky Search DT assessed children’s 
ability to divide their attention and involved a combination of the Score! and Sky 
Search subtests, children had to count sounds while locating visual targets. Children 
received a scaled score for each subtest and higher scores indicated better 
performance (M=10, SD=3). Test-retest reliabilities range from 0.70 (Creature 
counting) to 0.89 (Sky search DT) (Manly et al., 1999). 
Test of Everyday Reading Comprehension (TERC)(McArthur et al., 2013b): This 
was used to measure children’s reading comprehension. There are two alternative 
forms, form A and form B. Only form A was used for this thesis. Children were 
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presented with 10 common, everyday items (e.g. a shopping list or a text message) to 
read and they were asked two specific comprehension questions about each item. Z 
scores according to a child’s age were calculated (M=0, SD=1). Reported inter-rater 
reliability for form A, intra-class correlation (ICC, one-way random effects) = 0.99 
(p<.01) (McArthur et al., 2013b).  
Test of Orthographic Choice (TOC)(Kohnen, Anandakumar, McArthur, & Castles, 
2012): This task was used to assess children’s written word recognition. It consisted 
of 30 written items that each comprised a regular word and an incorrect, regularly 
spelled alternative (e.g. Door and Doar). Children were instructed to circle the 
correctly spelled word. Scores were expressed as z scores based on grade norms 
(M=0, SD=1). 
Test of Visual Perceptual Skills (Non-motor) – Revised (TVPS-R)(Gardner, 1996): 
This measure assesses visual perceptual skills in seven areas in children aged four to 
18 years. The only subtest used for this thesis was the Visual-Spatial subtest which 
involved children judging the similarities and differences between visual objects. 
Children were presented with a selection of five objects and asked to point to the one 
which looked different to the others. Children received a Standard score according to 
their age with higher scores indicating better performance (M=100, SD=15). For 
children aged four to 12 years the average internal consistency coefficient is 0.85 
(Gardner, 1996). 
Test of Word Reading Efficiency (TOWRE)(Torgesen, Wagner, & Rashotte, 1999): 
Is designed to assess  word reading fluency in individuals aged six to 24 years and 
includes two versions, Form A and Form B. Only Form A was used for this thesis. 
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The measure includes two subtests; sight word efficiency and phonemic decoding 
efficiency. Both subtests were used for this thesis and they involved children reading 
a list of common, sight words and a list of nonsense words. Children were given a 
time limit of 45 seconds per list. Children received one point for each word read 
correctly within the time limit and raw scores were converted to standard scores 
according to age (M=100, SD=15). Higher scores indicated better performance. 
Average alternate-form reliability coefficients range from 0.93 (sight word efficiency) 
to 0.94 (phonemic decoding efficiency). Test-retest reliability is 0.91 for sight word 
efficiency and 0.90 for phonemic decoding efficiency (Torgesen et al., 1999). 
Wechsler Abbreviated Scale of Intelligence, Second Edition (WASI-II)(Wechsler, 
1999): This measure provides an abbreviated measure of general intellectual 
functioning in individuals six to 89 years. It is divided into two domains: Verbal and 
Perceptual, and both were used for this thesis. The Verbal domain assessed children’s 
ability to understand verbal information, think with words, and express thoughts in 
words. It was comprised of two subtests; Vocabulary and Similarities. In Vocabulary, 
children were required to provide the definitions of words. For Similarities, children 
were asked to identify the conceptual similarity of two words (e.g. ‘grapes’ and 
‘strawberries’ are the same because they are both fruits). The Perceptual domain 
assessed children’s ability to solve nonverbal problems and work quickly and 
efficiently with visual information and included two subtests; Block Design and 
Matrix Reasoning. In Block Design, children replicated increasingly complex 
geometric designs (within a specified time limit) with red and white blocks. In Matrix 
Reasoning, children were presented with a series of incomplete matrix patterns and 
were asked to select the missing portion from five response options. The overall 
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measure of general intellectual functioning or Full-Scale IQ (FSIQ) was calculated 
from a combination of the Verbal scale subtest scores and Perceptual scale subtest 
scores. FSIQ, verbal IQ (VIQ) and performance IQ (PIQ) were used for this thesis and 
they were reported as standard scores according to age norms (M=100, SD=15). 
Higher scores indicated better performance. Internal consistency coefficients range 
from 0.93 (VIQ) to 0.96 (FSIQ) (Wechsler, 1999). 
Wechsler Individual Achievement Test, Second Edition (WIAT-II)(Wechsler, 
2002): Provides a measure of academic abilities in children aged four to 19 years. 
There are nine subtests but for this thesis only two were reported; spelling and 
numerical operations. The Spelling subtest required children to spell letters and words 
read aloud to them. The Numerical Operations subtest required children to solve 
written mathematical problems. Standard scores according to age were calculated 
with higher scores indicating better performance (M=100, SD=15). Split-half 
reliabilities range from 0.91 (Numerical operations) to 0.94 (Spelling) (Wechsler, 
2002). 
Wechsler Intelligence Scale for Children, Fourth Edition (WISC-IV)(Wechsler, 
2003), Australian Adaptation: provides a measure of general intellectual functioning 
for children aged six to 16 years. It provides composite scores to represent the child’s 
functioning in four domains: Verbal Comprehension Index (VCI), Perceptual 
Reasoning Index (PRI), Working Memory Index (WMI), and Processing Speed Index 
(PSI). It also provides a FSIQ to represent the child’s overall cognitive ability. All 
four index scores and the overall FSIQ were reported for this thesis. The Verbal 
Comprehension domain assessed children’s ability to understand verbal information, 
think with words, and express their thoughts in words. It included three core subtests; 
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Similarities, Vocabulary and Comprehension and the VCI was typically calculated 
from a combination of these three subtest scores. The Similarities and Vocabulary 
subtests have been previously described. In Comprehension, children were required to 
answer questions based on their understanding of general principles and social 
situations. The Perceptual Reasoning domain assessed ability to solve nonverbal 
problems and work quickly and efficiently with visual information. It included three 
core subtests; Block Design, Picture Concepts and Matrix Reasoning and the PRI was 
typically calculated from a combination of these subtest scores. Block Design and 
Matrix Reasoning have been previously described. In Picture Concepts, children were 
presented with two or three rows of pictures and were asked to choose one picture 
from each row to form a group with a common characteristic. The Working Memory 
domain measured a child’s ability to manipulate verbal information in their immediate 
memory. It was comprised of two core subtests and the WMI was typically calculated 
from these subtests. In Digit Span, children were required to repeat a string of 
numbers in the same order and reverse order, as presented aloud by the examiner. In 
Letter-Number Sequencing, children were read aloud a sequence of numbers and 
letters and asked to recall the numbers in ascending order and the letters in 
alphabetical order. The Processing Speed domain provided a measure of children’s 
ability to process visual information rapidly and accurately. It included two core 
timed subtests and the PSI was typically calculated from these subtests. The Coding 
subtest required children to copy symbols that were paired with simple geometric 
shapes. In Symbol Search, children were asked to scan a search group and indicate 
whether the target symbol matched any of the symbols in the search group within a 
specified time limit. All subtest scores were reported as scaled scores based on age 
norms (M=10, SD=3). Children’s FSIQ was calculated from a combination of the 
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three core Verbal Comprehension subtest scores, three core Perceptual Reasoning 
subtest scores, two core Working Memory subtest scores, and two core Processing 
Speed subtest scores and all Index scores were reported as standard scores based on 
age norms (M=100, SD=15). Higher scores indicated better performance. Internal 
consistency coefficients for Index scores range between 0.88 (PSI) and 0.97 (FSIQ) 
(Wechsler, 2003). 
Wechsler Preschool and Primary Scale of Intelligence 3rd Edition (WPPSI-III), 
Australian Adaptation (Carstairs, 2004): provides a measure of general intellectual 
functioning for children aged between two years, six months and seven years, seven 
months. It provides a number of composite scores including VIQ, PIQ, FSIQ and 
optional Processing Speed Quotient (PSQ) and Global Language Composite (GLC) 
scores. All subtest and composite scores were reported for this thesis. VIQ was 
calculated from three core subtests; Information, which consisted of answering 
questions on general knowledge topics, Word Reasoning, which required 
identification of a common concept being described in a series of specific clues and 
Vocabulary, which has been previously described. PIQ was derived from three core 
subtests; Block Design, Matrix Reasoning and Picture Concepts, which have all been 
described previously. The PSQ was derived from two timed subtests; Coding and 
Symbol Search, which have been described previously. The GLC was calculated from 
two subtests, Picture Naming, a measure of expressive vocabulary that required 
children to name a series of pictures, and Receptive Vocabulary, a measure of basic 
receptive language skills which involved children looking at a group of pictures and 
pointing to the one the examiner named aloud.  Scaled scores were calculated 
according to age for each subtest (M=10, SD=3). Standard scores according to age 
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were calculated for composite scores with higher scores indicating better performance 
(M=100, SD=15). Internal consistency coefficients for Index scores range from 0.89 
(PSI) to 0.95 (FSIQ) (Carstairs, 2004). 
3.4 Statistical Analyses 
Data were analysed using SPSS (SPSS Inc., Chicago, Illinois). Version 23 was used 
for Chapter 4 and Chapter 5, and Version 22 was used for Chapter 6. The descriptions 
of specific analyses used for each study are described in relevant study chapters.  
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4 Preliteracy Impairments in Young Children with 
Neurofibromatosis Type 1 
As highlighted in the literature review (Chapter 2) the majority of research into 
reading and other literacy skills has focused on school-age children. The primary aim 
of Chapter 3 was to investigate the preliteracy abilities of 42 young children with NF1 
(5-6 years) compared to 32 unaffected children.  
Ethics approval for the cross-sectional analysis in this chapter was provided by the 
Human Research Ethics Committee at The Children’s Hospital at Westmead (HREC 
reference number: 11/CHW/28). The participant information sheet and consent form 
for NF1 and control participants are found in Appendix 2 and Appendix 5. The 
recruitment advertisement for control participants is presented in Appendix 8. A copy 
of the interview conducted with parents of participants is included in Appendix 9 and 
Appendix 10. The certificate of participation provided to control participants is 
presented in Appendix 11. 
The cross-sectional study reported in this chapter was published in Developmental 
Medicine and Child Neurology, which has a Thomson Reuters Journal 2017 Citation 
Report impact factor of 3.29. The following text is an excerpt of a commentary that 
was published accompanying the article (please see Appendix 12 for the full 
commentary). 
 “Arnold et al. are to be commended for conducting a study aimed at further 
characterizing the pre-literacy skills of young children with NF1. The nature of the 
investigation is timely given our knowledge of SLD in NF1. Results of the study 
support future clinical practice and the need for early assessment of phonological 
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processing and phonics skills of young children with NF1.” (Thompson, 2018, p. 
642.) 
Details reported in this chapter have been presented at the following conference: 
Arnold, S. S., Payne, J. M., Lorenzo, J., North, K. N. & Barton, B. (2017). 
Investigating the pre-literacy abilities of young children with neurofibromatosis type 
1. In the University of Sydney Annual School of Paediatrics and Child Health 
Postgraduate Research Student Conference, Parramatta, Australia, 11th August 2017.
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5 Profiling the Reading Abilities of School-Age Children with 
Neurofibromatosis Type 1 
The literature review in Chapter 2 described the significant reading and reading-
related difficulties reported in school-age children with NF1. Further, there is 
evidence to suggest that children with NF1 experience specific impairments using 
letter-sound knowledge to decode words. It is not clear what underlies these 
difficulties and how they relate to the frequently reported cognitive impairments in 
children with NF1. The following chapter describes the reading profile of school-age 
children with NF1 using a well-established model of reading, the DRM. It also 
examines the relationship between children’s reading ability and other cognitive 
skills.  
The chapter is written as a manuscript and will be altered for publication. Approval 
for the following manuscript was provided by the Human Research Ethics Committee 
at the Children’s Hospital at Westmead (HREC reference number 11/CHW/28). The 
parent information sheet and consent form for participant’s with NF1 and control 
participants are included in Appendix 3 and Appendix 5. The letter of invitation sent 
to NF1 participants is in Appendix 4 and the recruitment advertisement circulated by 
the Neurofibromatosis Association of Australia is provided in Appendix 7. The 
information sheet for School principals is Appendix 6 and the advertisement used for 
recruitment of control participants is in Appendix 8. A copy of the interview 
conducted with parents of participants is included in Appendix 9 and Appendix 10. 
The certificate of participation provided to control participants is presented in 
Appendix 11. 
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Details reported in this chapter have been accepted for presentation as a poster at the 
following conference: 
• Arnold, S. S., Payne, J. M., McArthur, G. M., North, K. N. & Barton, B. 
(2018). Profiling the reading abilities of school-age children with 
neurofibromatosis type 1. In the Joint Global Neurofibromatosis Conference, 
Paris, France, 2-6 November 2018. 
5.1 Abstract  
Background: Reading difficulties are one of the most significant challenges for 
children with neurofibromatosis type 1 (NF1). Although impairments in basic word 
reading and the comprehension skills of children with NF1 are frequently reported, 
the underlying cause of these impairments is not well understood. Primary aims of 
this study were 1) to provide a detailed description of the reading subskills of children 
with NF1 and 2) to investigate the profile of impaired readers with NF1. An 
additional exploratory aim was to explore the relationship between reading ability and 
other potential cognitive and behavioural risk factors for reading difficulties.  
Methods: Children with NF1 (n=60) were compared with unaffected children (n=36). 
All children were aged seven to 12 years old and completed a cognitive assessment 
including a detailed literacy battery. Group differences were examined using 
independent-samples t tests or equivalent nonparametric tests. Poor readers  (≤ 1 SD 
below mean) were classified according to their type of reading impairment (i.e. 
phonological, surface, mixed). A hierarchical multiple regression was conducted to 
establish predictors of reading ability in children with NF1. 
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Results: The performance of children with NF1 was significantly poorer than controls 
on all literacy measures including letter-sound knowledge, receptive vocabulary, 
blending, reading accuracy (regular, irregular and nonword), reading fluency and 
comprehension (all p≤.001), except for letter identification (p=.06). Of the 49 children 
with NF1 classified as poor readers, 20 (41%) had a primary phonological 
impairment, 24 (49%) had mixed and 5 (10%) could not be classified. Children with 
mixed dyslexia displayed the most widespread and severe reading impairments. 
Children with NF1 who had stronger working memory (p<.01) and receptive 
language (p<.05) and displayed less inattentive behaviours (p<.05) had better word 
reading. 
Conclusions: The majority of children with NF1 display widespread deficits across 
reading subskills. Those children with weaknesses in working memory, receptive 
language and attention are at greatest risk of reading difficulties. It is recommended 
that children with NF1 receive comprehensive assessment of their literacy skills, so 
they can receive appropriate, targeted intervention.  
5.2 Introduction 
Neurofibromatosis type 1 (NF1) is a single gene disorder that affects approximately 1 
in 2700 people (Evans et al., 2010). While the defining features are physical in nature, 
academic difficulties are considered to be one of the most common complications 
associated with NF1 in childhood (Lehtonen et al., 2013). Reading difficulties in 
particular are highly prevalent and one of the most significant challenges for children 
with NF1 (Cutting et al., 2004). Although impairments in basic word reading (Watt et 
al., 2008) and reading comprehension (Cutting et al., 2000) are well-described, the 
underlying cause of these impairments is not well understood.  
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Reading aloud is complex, with a number of cognitive processes involved (Coltheart, 
2005). One well-established model that describes these processes that a child must 
develop to be become a successful fluid reader is the dual route model (DRM; Figure 
5.1). This model proposes two different methods by which words can be read aloud 
(Coltheart et al., 2001). Children can read words using letter-sound knowledge (i.e., 
the sublexical route) and also by looking up words in their lexicon, a “mental 
dictionary” (i.e., the lexical route). This lexicon contains information about the 
spelling of words (visual recognition system) that a child has previously been exposed 
to. It also includes information about the meaning (semantics) and pronunciation of 
words (spoken word production) (Coltheart, 2005). 
Letter identification
C A P
Orthographic lexicon
CAP
Phonological lexicon
‘kap’
Phonological output
‘kap’
Semantic knowledge
something to wear on your 
head 
GPC knowledge
‘k’  ‘a’  ‘p’
See word
CAP
Say word
CAP
Lexical Route Sublexical Route
 
Figure 5-1: Dual-route model of reading (Coltheart et al., 2001) Adapted from 
Figure 1 (McArthur et al., 2013a) 
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According to the DRM (Coltheart et al., 2001), there are a number of underlying 
subskills required for successful reading. For example, children must initially 
correctly identify all letters when asked to read a printed word aloud (letter 
identification). Then the sublexical reading route will translate each grapheme in a 
word into phonemes by applying letter to sound rules (grapheme-phoneme 
correspondences [GPC] knowledge), and the lexical reading route will attempt to 
locate a match of the word in the orthographic lexicon or ‘sight vocabulary’, which 
contains all learned written words. If such a match is found, this will trigger a 
semantic system that comprises information regarding the word’s meaning, and also a 
phonological lexicon that includes information regarding the phonological 
representation of the word. Both the sublexical and lexical reading routes link with a 
phonological output system, that contains information regarding the spoken 
phonological representation of the word.  
According to the DRM, children need to develop both of these reading routes to 
become a skilled reader of the English language (Castles & Coltheart, 1993). This is 
because children 1) need a way to decode new ‘regular’ words that they have never 
seen before via the sublexical route and  2) many words in English are ‘exception’ or 
‘irregular’ words (e.g. yacht) that cannot be decoded accurately using the sublexical 
route and must be recognised ‘by sight’ via the lexical route. It is noteworthy that 
once a new regular word has been decoded accurately via the sublexical route, it starts 
to form an orthographic representation in the lexical route and will eventually become 
a ‘sight’ word that is read by the lexical route.  
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Children who experience difficulty using their letter-sound knowledge to decode 
words (i.e. an impaired sublexical route) can be described as having ‘phonological 
dyslexia’ (Castles & Coltheart, 1993). Typically, this is identified by poor reading of 
nonwords (i.e. nonsense words that can be read using GPC knowledge e.g. gop) in the 
presence of intact irregular word reading. On the other hand, children who have 
difficulty reading irregular words within the context of spared nonword reading are 
seen as having a specific impairment in the lexical reading route, and referred to as 
having ‘surface dyslexia’ (Castles & Coltheart, 1993). Children who display 
difficulties with both sublexical and lexical reading routes are described as having 
‘mixed dyslexia’ and this is the profile that occurs most frequently in the general 
population (Castles & Coltheart, 1993; McArthur et al., 2013a).  
Typically the diagnosis of dyslexia involves applying arbitrary cut-offs to the word 
reading performance of children to define impairments in their sublexical and/or 
lexical reading routes. A recent study investigated the frequency of dyslexia when 
five different classification systems with various cut-offs were used (McArthur et al., 
2013a). Classification system 1 defined phonological dyslexia as nonword reading at 
or below the 5th percentile (z score ≤ -1.64) and irregular word reading greater than 
the 5th percentile (z score >-1.64). Surface dyslexia was defined by the reverse 
criteria and mixed dyslexia as both nonword and irregular word reading at or below 
the 5th percentile (z score ≤ -1.64) (McArthur et al., 2013a). Classification system 2 
used the same criteria but the impairment cut-off was more lenient (z score ≤ -1.0) 
(McArthur et al., 2013a). Classification system 3 defined phonological dyslexia as 
nonword reading at or below the 5th percentile (z score ≤ -1.64) and irregular word 
reading within normal limits (z score >-1.0). Surface dyslexia was defined by the 
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reverse criteria. Mixed dyslexia was defined by irregular word reading at or below the 
5th percentile (z score ≤ -1.64) and nonword reading also below normal limits (z 
score ≤ -1.0) or vice versa (McArthur et al., 2013a). Classification system 4 described 
phonological dyslexia as nonword reading at or below the 5th percentile (z score ≤-
1.64) with significantly better irregular word reading (≥0.5 SD). Surface dyslexia was 
defined by the reverse criteria and mixed dyslexia as below average performance on 
both nonword and irregular word reading (z score ≤-1.64) (McArthur et al., 2013a). 
Finally Classification system 5 defined phonological dyslexia as below average 
nonword reading (z score ≤-1.30) and irregular word reading within normal limits (z 
score>-1.0) and surface dyslexia by the reverse criteria. Mixed dyslexia was defined 
by below average nonword and irregular word reading (z score ≤-1.30) (McArthur et 
al., 2013a). When comparing the number of children identified as having an 
impairment by each classification system, the authors reported that classification 
systems 1, 4 and 5 identified similar proportions of children with phonological 
dyslexia (12, 9 and 16%), surface dyslexia (19, 17 and 9%) and mixed dyslexia (18, 
23, 30%)(McArthur et al., 2013a). Classification 2 identified a similar proportion of 
children with surface dyslexia (20%) but higher numbers of children with 
phonological dyslexia (23%) and mixed dyslexia (57%). As this classification was 
more lenient the cases identified represent less pure cases of impairment. 
Classification system 3 used more stringent criteria to detect very pure cases and 
therefore identified much smaller percentages of both phonological (5%) and surface 
(4%) dyslexics but a larger percentage of mixed dyslexics (40%). Classification 
system 5 was concluded by the authors to be most useful criteria, as it classified 
similar percentages to systems 1 and 4, identified a significant number of children 
who fit each profile type and ensured that those children displayed reasonably pure 
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impairment profiles. Despite this, the authors note that using specific criteria to 
classify the reading impairments of children is somewhat arbitrary. To date there are 
no defined guidelines regarding what cut-offs should be used to define an impairment 
and as evident in this study the percentage of children who were identified as having  
dyslexia changed (up to three times higher) depending upon the classification criteria 
used (McArthur et al., 2013a). 
To date, one study has used the DRM as a framework to investigate subtypes of 
dyslexia in children with NF1 (Watt et al., 2008). Lexical and sublexical reading 
routes of children (n = 30, 7 to 12 years) were examined using the Castles’ 
Word/Non-Word Test (Castles & Coltheart, 1993). Two thirds of children with NF1 
(20/30) demonstrated a significant impairment, performing in the bottom 5% 
(compared to chronological age-matched normative data) on measures of nonword 
and irregular word reading. The reading profile of these children was then classified 
into specific dyslexic subtypes using a classification criteria described by Edwards 
and Hogben (1999) or Classification system 4 (McArthur et al., 2013a) described 
earlier. Children with below average nonword reading (z score ≤-1.64) but 
significantly better irregular word reading (≥0.5 SD) were classified as having 
phonological dyslexia (i.e. sublexical impairment) and this accounted for 75% (15/20) 
of the sample. In contrast there were no children who fitted the surface dyslexic 
profile and displayed below average irregular word reading (z score ≤-1.64) with 
adequate nonword reading ability (≥0.5 SD higher). Twenty percent (4/20) of children 
fitted the mixed dyslexia profile and displayed below average performance on both 
nonword and irregular word reading (z score ≤-1.64). Finally five percent (1/20) 
displayed impaired reading but could not be classified to any subtype of dyslexia. 
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While similar percentages of mixed dyslexia were identified in children with NF1 to 
that reported in the general population (20 and 23% respectively; McArthur et al., 
2013a), the distribution of other dyslexic subtypes in children with NF1 differs 
substantially to that of children with reading disabilities in the general population 
(McArthur et al., 2013a). No children with NF1 were identified as having surface 
dyslexia compared to 17% of poor readers in the general population having surface 
dyslexia (McArthur et al., 2013a.).  In contrast, a much higher percentage of poor 
readers with NF1 were classified with phonological dyslexia (75%) compared to poor 
readers in the general population (9%; McArthur et al., 2013a). Finally, it is also 
important to note that in the study reported by Watt and colleagues (2008) only 5% of 
children could not be classified to a dyslexic subtype. This is significantly less than 
the 51% of children of poor readers who remained unclassified in the study by 
McArthur et al. (2013a). It is not clear why there is such a large difference between 
the number of children classified to a specific subtype in these studies, but it may 
partly result from the use of different measures to classify impairments. Further the 
group of children with NF1 represent a specific population who are at higher risk of 
learning and cognitive difficulties than children from the general population. It is 
likely that this also played a role in the different rates of children classified to dyslexic 
subtypes. 
In addition to weaknesses in phonological decoding abilities, children with NF1 also 
experience deficits in phonological processing. Difficulties with phonological 
awareness (i.e. detecting and manipulating sounds of language) and phonological 
memory (i.e. the ability to store and manipulate sounds in short-term memory) have 
been previously reported (Cutting et al., 2000; Mazzocco et al., 1995). A recent study 
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found that school-aged children with NF1 demonstrated significant impairments in 
phonological awareness and the authors concluded that phonological deficits may be 
an inherent feature of the NF1 neuropsychological profile (Chaix et al., 2017). Given 
that phonological awareness is often viewed as a critical literacy precursor skill 
(Whitehurst & Lonigan, 1998) that plays an important role in mastery of the 
alphabetic principle (Byrne & Fielding-Barnsley, 1989), it is possible that children 
with NF1 may experience difficulties acquiring some of the basic precursor skills that 
allow development of fluent and accurate reading. Significant weaknesses in reading 
comprehension have also been observed in children with NF1 (Cutting et al., 2000; 
Mazzocco et al., 1995) with one study reporting that 47.5% of children demonstrated 
comprehension impairments (North et al., 1995). It is clear that children with NF1 are 
at an increased risk of literacy difficulties, including deficits in basic precursor 
literacy skills such as phonological processing, difficulties with word reading 
accuracy, as well as weaknesses in more complex skills such as comprehension. 
In addition to literacy-related deficits, children with NF1 commonly experience a 
range of cognitive difficulties including weaknesses in language, perceptual abilities, 
visual-spatial functioning, working memory, and attention skills (Lehtonen et al., 
2013). Increased levels of social, emotional and behavioural difficulties are also 
reported, and a significant proportion of children with NF1 (up to 50%) satisfy 
diagnostic criteria for Attention-Deficit/Hyperactivity Disorder (ADHD) (Lehtonen et 
al., 2013). It is not clear if, or how, these widespread deficits impact on the reading 
abilities of children with NF1. One study that explored the cognitive profile of 
children with NF1 and reading difficulties compared four different groups: 1) 
unaffected children, 2) unaffected children with reading difficulties 3) children with 
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NF1 without reading difficulties and 4) children with NF1 and reading difficulties 
(Cutting & Levine, 2010). They found that the profile of children with NF1 and 
reading difficulties closely resembled unaffected children with reading disabilities, 
with weaknesses evident on phonological, rapid naming and comprehension measures 
(Cutting & Levine, 2010). Children with NF1 and reading difficulties also displayed 
additional distinct visuospatial deficits when compared to the two groups of 
unaffected children (with and without reading difficulties). In contrast, compared to 
unaffected groups, the NF1 group without reading difficulties did not display 
significant visuospatial weaknesses. Consequently, the authors concluded that there 
may be a relationship between the hallmark visuospatial deficits observed in NF1 and 
reading ability (Cutting & Levine, 2010). Cutting et al (2010) also did not identify any 
significant relationships between reading and other cognitive factors such as language 
or attention abilities. However due to the relatively small sample size future studies 
are needed to verify these study findings (Cutting & Levine, 2010).  
In the general population, evidence indicates that there are number of factors that can 
influence children’s word reading abilities (Peterson & Pennington, 2015). For 
example stronger working memory (Wang & Gathercole, 2013), oral language 
(Storch & Whitehurst, 2002), and attention abilities (Shaywitz & Shaywitz, 2008b) 
have been linked to better reading ability. In addition, demographic factors such as 
sex (being male) (Quinn & Wagner, 2015), and lower socio-economic status 
(SES)(Hecht et al., 2000) are associated with a higher risk of reading difficulties. 
While sex (Hyman et al., 2006), attention (Cutting & Levine, 2010; Hyman et al., 
2006) and language (Cutting & Levine, 2010) have been examined in two NF1 
studies, to date, it is unclear how cognitive, demographic and behavioural factors may 
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impact on the word reading abilities of children with NF1. Further investigation is 
needed into the nature of word reading difficulties in school-aged children with NF1 
and the various factors which may contribute to these difficulties using larger samples 
and appropriate control groups. Developing a better understanding of these 
impairments and contributing factors is vital to allow for the design of effective 
reading intervention which targets specific areas of weakness. 
Therefore, the primary aims of this study were to: 1) provide a detailed description of 
the individual reading subskills of children with NF1 using the DRM as a theoretical 
framework, 2) classify and compare the profiles of poor word readers with NF1 and 
characterise specific areas of weakness in reading subskills; and 3) explore the 
relationship between word reading ability and cognitive and demographic risk factors. 
In this study, the DRM was chosen as it provides a systematic method with which to 
describe children’s reading subskills and also any specific areas of impairment 
(Coltheart, 2005). 
Considering previous findings in children with NF1 and the general population, 
specific hypotheses were that 1) children with NF1 will perform significantly poorer 
on reading measures when compared to unaffected children, with the largest 
weaknesses observed on measures assessing the sublexical reading route, 2a) the 
majority of poor readers with NF1 will fit the profile of phonological dyslexia, a small 
proportion will have mixed dyslexia and there will be no surface dyslexics and finally 
2b) phonological dyslexics will be characterised by deficits in sublexical subskills 
(i.e. letter-sound knowledge) and intact lexical subskills (i.e. semantics, orthographic 
and phonological lexicon), while mixed dyslexics will display deficits in both 
sublexical and lexical subskills. Further in children with NF1, better word reading will 
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be associated with any of the following factors; 3a) female sex, b) higher SES, c) 
stronger working memory, d) stronger attention, e) stronger language, and f) stronger 
visuospatial abilities.  
A secondary aim was to examine the reading subskills of NF1 typical word readers 
relative to unaffected typically developing readers to determine whether they present 
with similar profiles. 
5.3 Method 
5.3.1 Participants 
Sixty-two children aged seven to 12 years who met the diagnostic criteria for NF1 
specified by the National Institutes of Health Conference Statement (1988) were 
consecutively recruited from the Neurogenetics Clinic, The Children’s Hospital at 
Westmead, Sydney, Australia between September 2011 and November 2014. 
Participants were recruited via a letter of invitation and a detailed Parent Information 
and Consent Form, which was mailed to parents of children that attend the 
Neurogenetics clinic and were within the target age range. A recruitment 
advertisement was also circulated through the Neurofibromatosis Association of 
Australia. Those families who were interested in participating contacted the 
investigator to organise an assessment. Families were also offered the opportunity to 
participate in the study during routine evaluation of their neuropsychological 
functioning which is a standard service offered to all families attending the 
Neurogenetics Clinic.  
Participants were excluded if any of the following criteria were met: i) diagnosed 
intracranial pathology (i.e. symptomatic optic gliomas), ii) no significant vision or 
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hearing loss that may impact on the validity or reliability of study assessments, iii) 
inadequate English (i.e. inability to understand all task instructions) , or iv) 
significantly below average full-scale intelligence (FSIQ<70). Two children with NF1 
were excluded following IQ assessment (FSIQ<70), which resulted in 60 children 
with NF1 completing all measures. Children were considered to have adequate 
English if they were able to understand all task instructions throughout the 
assessment. 
An unaffected peer comparison group of 36 typically developing children were 
recruited consecutively through the following methods: a larger longitudinal study 
being conducted at the hospital (Lorenzo et al., 2015), primary schools in the local 
area, and advertisements placed in local community newspapers and throughout The 
Children’s Hospital at Westmead. A structured parent interview regarding the child’s 
development was conducted prior to the assessment. No control child had a history of 
neurological or psychological disorders, intellectual impairment, learning difficulties 
or developmental delay. 
Approval for this study was granted by the Sydney Children’s Hospital Network 
(HREC/11/CHW/28) and University of Sydney (15371) Human Research Ethics 
Committees and written informed consent was obtained from the parents of all 
participants. 
5.3.2 Procedure 
All participants were assessed at the hospital’s clinical research testing facilities. After 
informed signed consent was obtained, participants were individually assessed by a 
psychologist. The assessor was not blinded to the participant’s status (i.e., 
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NF1/control). On average, the assessment duration was 3.5 hours and breaks were 
provided throughout as needed. Parents completed questionnaires regarding their 
child’s development and behaviour.  
5.3.3 Measures 
5.3.3.1 General Measures 
IQ: General intellectual functioning was assessed with either the Wechsler 
Intelligence Scale for Children (WISC-IV; Wechsler, 2003), Australian Adaptation or 
the Wechsler Abbreviated Scale of Intelligence (WASI-II; Wechsler, 1999). The 
WASI-II was used for control participants and those NF1 participants (n=16) who had 
not had their IQ clinically assessed in the 12 months preceding the assessment. As the 
correlation coefficient between these two measures is high for the Full Scale IQ 
(FSIQ; r=0.86) (Homack & Reynolds, 2007), the score obtained from either measure 
was used to estimate overall intellectual functioning. Standard scores were calculated 
according to age (M=100, SD=15). 
Verbal working memory: All children who completed the WASI-II rather than the 
WISC-IV completed the Working Memory subtests of the WISC-IV (Wechsler, 
2003). Standard scores were calculated according to age (M=100, SD=15). 
Spelling and Mathematics: Spelling and Mathematics were assessed by relevant 
subtests of the Wechsler Individual Achievement Test, Second Edition (WIAT-II; 
Wechsler, 2002). Standard scores were calculated according to age (M=100, SD=15). 
Attention: Children’s ability to selectively focus, sustain, switch and divide their 
attention was assessed by Sky Search, Score, Creature Counting and Sky Search DT 
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from the Test of Everyday Attention for Children (TEA-Ch; Manly et al., 1999). 
Children received a scaled score for each subtest (M=10, SD=3). In addition, parents 
completed the Conners 3 (Conners, 2009) – Parent Rating Form, with T scores 
according to age reported for Inattention and the Hyperactivity/Impulsivity scales 
(M=50, SD=10). 
Visuospatial functioning: The Judgement of Line Orientation task (JLO; Benton et al., 
1983) was used to assess visuospatial abilities. Raw scores were converted to z scores 
according to age (M=0, SD=1). 
SES: SES was estimated using the Index of Relative Socio-Economic Advantage and 
Disadvantage, which ranks geographic areas in terms of their socio-economic 
advantage and disadvantage ("Statistical Local Area, Table 2: Socio-Economic 
Indexes for Areas (SEIFA), data cube: Excel spreadsheet, cat. no. 2033.0.55.001," 
2011). Areas receive a decile score ranging between one and 10, with the lowest 10% 
of areas allocated a decile of one and the highest 10% of areas receiving a decile of 
10.  
5.3.3.2 Literacy measures 
5.3.3.2.1 General reading measures 
Regular word reading: Children’s single word reading abilities for regular words 
were examined using the Castles and Coltheart Word/Nonword test (CC2; Castles et 
al., 2009a). Raw scores were converted to z scores based on the child’s age (M=0, 
SD=1).   
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Reading fluency: The Test of Word Reading Efficiency – Form A (TOWRE; 
Torgesen et al., 1999) was administered to provide a measure of sight word and 
phonemic decoding efficiency. Standard scores were calculated according to age 
(M=100, SD=15). 
Reading comprehension: Reading comprehension was assessed by the Test of 
Everyday Reading Comprehension (TERC; McArthur et al., 2013b). This measure 
assessed children’s ability to understand what they read on common everyday items 
(e.g. a shopping list). Raw scores were converted to z scores according to a child’s 
age (M=0, SD=1). 
5.3.3.2.2 Common reading subskills (lexical and sublexical) 
Cross-case copying: This test assessed children’s basic letter knowledge (McArthur et 
al., 2008) and consists of 14 items with higher scores indicating better performance. 
Children received one point per correct item and raw scores are reported. 
Letter orientation: Children’s ability to identify letters was further assessed by the 
Letter Orientation task (LOT). Children were asked to identify whether letters were 
facing the correct way or “flipped backwards” (McArthur et al., 2008). Children 
received one point per correct item and raw scores are reported. 
Nonword repetition: Children’s phonological output was assessed by the Repetition of 
Nonsense Words subtest from A Developmental Neuropsychology Assessment, 2nd 
edition (NEPSY-II; Korkman et al., 2007). Children received a scaled score according 
to their age (M=10, SD=3). 
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Blending: Children’s phonological output was further assessed by the Blending 
nonwords test (McArthur et al., 2008) which contains 28 items, with higher scores 
indicating better performance. Children received one point per correct item and raw 
scores are reported. 
5.3.3.2.3 Sublexical reading route 
Non-word reading: Children’s single word reading abilities for nonwords were 
examined using the CC2 (Castles et al., 2009a). Raw scores were converted to z 
scores based on the child’s age (M=0, SD=1).   
Sublexical reading subskills 
Letter-sound knowledge: To assess knowledge of letter-sound correspondences, 
children completed the Letter-Sound Test (LeST; Larsen et al., 2015). The test 
comprises of 51 items and higher scored indicated better performance. Children 
received one point per correct item and raw scores are reported. 
Parsing: To further assess children’s letter-sound knowledge they completed the 
Grapheme-Phoneme Conversion (GPC) test (McArthur et al., 2015) which contains 
39 items. Higher scores indicated better performance. Children received one point per 
item and raw scores are reported. 
5.3.3.2.4 Lexical reading route 
Irregular word reading: Children’s single word reading abilities for irregular words 
were examined using the Castles and Coltheart Word/Nonword test (Castles et al., 
2009a). Raw scores were converted to z scores based on the child’s age (M=0, SD=1).   
Lexical reading subskills 
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Orthographic lexicon: The Test of Orthographic Choice (TOC; Kohnen et al., 2012) 
assessed children’s written word recognition. Z scores were calculated according to 
grade-based normative data (M=0, SD=1). 
Phonological Lexicon: The Rain/Hane task assessed children’s phonological 
representation of spoken words (McArthur et al., 2013a). The measure comprises of 
20 items and higher scores indicate better performance. Children received one point 
per item and raw scores are reported. 
Semantics: To assess semantic knowledge the Peabody Picture Vocabulary Test – 
Fourth Edition (PPVT-4; Dunn & Dunn, 2007) was administered. Children received a 
standard score according to their age (M=100, SD=15). 
5.3.4 Data analysis 
Data were analysed using SPSS version 23 (SPSS Inc., Chicago, Illinois). All 
variables were checked for normality. Descriptive statistics for continuous normally 
distributed variables are reported as means (M) and standard deviations (SD). 
Asymmetrically distributed data are reported as medians (Mdn) and interquartile 
ranges (IQR). To examine the relationship between sex and group (NF1, control) a 
chi-squared test was calculated. Effect sizes are reported as Cohen’s d and values of 
0.2 - 0.4, 0.5 - 0.7 and  ≥ 0.8,  represent small, medium and large effect sizes 
respectively (Cohen, 1988). When scores were non-normally distributed, effect sizes 
were calculated (r) and converted to Cohen’s d (Fritz, Morris, & Richler, 2012). All t-
tests were two-tailed, with level of significance equal to 0.05 and the Holm procedure 
(a modification of the Bonferroni procedure) applied to control the familywise error 
rate. 
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NF1 group compared to unaffected group (aim 1) 
To address hypothesis 1, independent-samples t tests were calculated to examine 
group differences, with effect sizes (Cohen’s d) reported. When scores were non-
normally distributed, Mann-Whitney U tests were conducted. 
Subtyping and classification of reading impairment (aim 2 and exploratory aim) 
Consistent with previous studies (McArthur et al., 2008; McArthur et al., 2013a), all 
children were initially classified as poor readers if they had a z score of ≤-1 
(equivalent to at least 1 SD below the normative mean) on either the nonword or 
irregular word reading subtests of the CC2. Children with z scores of >-1 were 
classified as typical readers. To address hypothesis 2a, the set criteria described by 
McArthur et al. (2013a), was used to classify children identified as poor readers in the 
NF1 group into the following four categories:  
1) Surface dyslexia (primary lexical impairment); z score at or below -1.3 
(equivalent to lowest 10%) on the irregular word reading subtest of the CC2 
but had a z score better than -1 on the nonword reading subtest. 
2) Phonological dyslexia (primary sublexical impairment); z score at or below -
1.3 on the nonword reading subtest of the CC2 but had a z score better than -1 
on the irregular word reading subtest.  
3) Mixed dyslexia (lexical and sublexical impairment); z score of -1.3 or lower 
on both irregular word and nonword reading. 
4) Unclassified impairment; poor readers who did not fit into any of the above 3 
groups. These children were removed from subtype analyses. 
182 
This classification system was chosen as it identifies a reasonable percentage of 
children in each subtype and allows for a clear distinction between lexical and 
sublexical reading abilities (McArthur et al., 2013a).  
To minimise the number of comparisons made, a univariate analyses of variance 
(ANOVAs) was initially conducted to identify if there were any differences between 
all groups (i.e. dyslexic subtype for NF1, NF1 typical readers and typical readers) and 
effect sizes were calculated (partial eta squared). Effect sizes were classified as small 
(η2p= 0.01), medium (η2p= 0.06), and large (η2p= 0.14) (Cohen, 1988). Welch’s F 
was used when the homogeneity of variance assumption was violated. For significant 
ANOVAs, the following pairwise planned comparisons using independent-samples t 
tests or Mann-Whitney U tests were conducted to: a) all possible pairwise 
comparisons between the dyslexic groups (hypothesis 2b) and d) typical readers vs 
NF1 typical readers (secondary aim). Effect sizes were also calculated.  
In addition, the relative risk of each type of reading impairment (i.e. surface, 
phonological and mixed dyslexia) occurring in the NF1 group of poor readers was 
calculated using published data from an unaffected group of poor readers (i.e. word 
reading ability ≤1 SD below the mean) (McArthur et al., 2013a). 
Relationship between literacy measures and other cognitive and demographic 
variables in the NF1 group (aim 3) 
To address hypothesis 3a and assess whether there were any sex differences on 
literacy measures for the NF1 group, independent-samples t tests or Mann-Whitney U 
tests were calculated. The relationship between reading and other cognitive, 
behavioural and demographic variables (i.e. SEIFA, WMI, Conners Inattention, 
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PPVT-4, JLO; hypotheses 3b-f) and IQ (i.e. FSIQ, VIQ, PIQ) were examined using 
Pearson correlation coefficient (r), or Spearman rho (rs) for asymmetrically distributed 
data. To reduce the number of word reading variables and statistical comparisons 
made, a principal component analysis (PCA) was conducted on the three CC2 word 
reading variables (i.e. nonword, irregular and regular word reading). The Kaiser-
Meyer-Olkin (KMO) measure verified the sampling adequacy for the analysis 
(KMO=.73). Bartlett’s test of sphericity indicated that the correlations between items 
was appropriate for PCA (χ2(3) =299.70, p<.001). An initial analysis was conducted 
to obtain eigenvalues for the components in the data. Three components were 
identified but only one had an eigenvalue over Kaiser’s criterion of 1 and explained 
90.45% of the variance. This one component was therefore the only component 
retained in the final analysis. This new variable, combined word reading, was 
examined for normality and outliers using a cut-off of three SD’s outside the mean. 
Two participants had scores that fell outside this range and their scores were adjusted 
to one unit above the next highest score (Field, 2009).  
A hierarchical multiple regression (stepwise) was conducted to identify which 
cognitive, demographic and behavioural variables were the strongest predictors of 
combined word reading for children with NF1. From the variables of interest 
(hypothesis 3a-f), only those that significantly correlated with combined word reading 
were included as potential predictors and entered into the regression model according 
to the strength of their correlation. As a significant relationship between IQ and 
reading ability has been reported in the general population (Developing Early 
Literacy: Report of the National Early Literacy Panel, 2008; Naglieri, 2001), we 
controlled for the potential influence of intelligence using an estimate of performance 
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IQ (PIQ from the WISC-V or the WASI-II). This was entered at step one of the 
regression.  
5.4 Results 
NF1 group compared to unaffected group (aim 1) 
Demographic and general cognitive data for both groups are displayed in Table 5.1. 
There were no significant between group differences for sex, age or SES (Table 5.1). 
Significant differences between the NF1 and control group were evident for most 
cognitive measures. The performance of the NF1 group was significantly poorer than 
controls with large effect sizes evident for all IQ measures, visuospatial functioning, 
mathematics, spelling and switching attention (all p<.001). Medium effect sizes were 
observed on measures of divided and sustained attention with the performance of the 
NF1 group falling significantly below controls. There were no significant between-
group differences on a measure of selective attention. 
Behaviourally, on parent-rated questionnaires, there was a large effect size for a 
measure of inattention with the NF1 group displaying significantly higher rates of 
inattentive behaviours. A small significant effect was observed for parent-rated 
hyperactivity with the NF1 group demonstrating more hyperactive behaviours. 
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Table 5.1. Demographics and general cognitive measures 
 NF1 (n = 60) 
 Control (n = 36)    
Measure n M (SD)   n M (SD)   p Cohen's d 
Gender           
  Male 32 (53%)    18 (50%)      
  Female 28 (47%)    18 (50%)    .80  
NF1 inheritance           
  Familial 23 (38%)          
  Sporadic 37 (62%)          
Age (Years) 60 8.75 (1.84)  36 8.78 -1.64  .79 0.05 
SEIFAa 60 8.00b  (4.00)c  36 10.00b  (4.00)c  .07d 0.36 
WISC-IV/WASI-II           
  FSIQ (Standard score) 60 87.00b (12.00)c  36 109.00b (14.00)c  <.001d** 1.66 
  VIQ (Standard score) 60 92.02 (9.33)  36 104.28 (11.22)  <.001** 1.19 
  PIQ (Standard score) 60 89.95 (10.73)  36 105.67 (10.64)  <.001** 1.47 
  PSI (Standard score) 50 94.28 (16.40)  0      
  WMI (Standard score) 60 88.37 (9.91)  36 101.08 (9.76)  <.001** 1.30 
JLO (Z score)e 58 -1.20 (1.17)  34 -0.17 (0.89)  <.001** 1.00 
TEA-CH           
  Divided attention (Scaled score)f 56 1.50b (6.00)c  34 7.00b (6.00)c  .001d** 0.69 
  Selective attention (Scaled score)g 58 8.00b  (4.00)c  34 8.00b (3.00)c  .83d 0.04 
  Sustained attention (Scaled score) 60 6.00b (5.00)c  35 9.00b (7.00)c  .001d** 0.74 
  Switching attention (Scaled score)h 55 8.00b  (5.00)c  34 10.00b  (5.00)c  <.001d** 0.89 
WIAT-II      
 
    
  Mathematics (Standard score) 60 85.53 (16.06)  36 97.64 (13.25)  <.001** 0.82 
  Spelling (Standard score) 60 86.65 (13.13)  36 102.31 (13.03)  <.001** 1.20 
CONNERS-3           
  Inattention (T score)i 57 66.40 (13.92)  36 53.28 (9.57)  <.001** 1.10 
  Hyperactivity (T score)i 57 57.00b (19.00)c  36 49.00b (17.00)c  .03d* 0.46 
                      
           
Conners-3, Conners’ Rating Scales, Third Edition – Parent Rating Forms; FSIQ, Full-Scale IQ; JLO, Judgment of Line Orientation; 
PIQ, Performance IQ; PSI, Processing Speed Index; SEIFA, Socio-Economic Indexes for Areas; TEA-Ch, Test of Everyday Attention 
for Children; VIQ, Verbal IQ; WASI-II, Wechsler Abbreviated Scale of Intelligence-Second Edition; WIAT-II, Wechsler Individual 
Achievement Test -Second Edition; WISC-IV, Wechsler Intelligence Scale for Children Scale of Intelligence-Fourth Edition, 
Australian Adaptation; WMI, Working Memory Index. 
ª Decile ranking of areas in Australia according to relative socio-economic advantage and disadvantage; 1 is lowest and 10 is highest 
SES Median, b Median, cInterquartile range, dMann Whitney-U test, e Missing data for JLO (n=2) as test not administered, f Missing 
data for TEA-Ch Divided attention subtest (n=4) as test not administered, g Missing data for TEA-Ch Selective attention subtest (n=2) 
as test not administered, h Missing data for TEA-Ch Switching attention subtest (n=5) as test not administered, i Missing data for 
Conners 3 (n=3) as questionnaire not completed,  
Please note: Holm's procedure applied to all analyses; Higher scores indicate better performance except for Conners 3 where higher 
scores represent higher levels of ADHD behaviours 
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Performances on literacy and language measures for both groups are presented in 
Table 5.2. The performance of the NF1 group was significantly poorer than the 
control group on all measures except a measure of letter identification (i.e. letter-
orientation). Large effect sizes were evident for all literacy and language variables 
except for cross-case copying, which yielded a medium effect size, and letter-
orientation which did not differ between groups.
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Table 5.2. Literacy Measures 
 NF1 (n = 60) 
 Control (n = 36)    
Measure n M (SD)   n M (SD)   p Cohen's d 
General Reading           
Regular word reading - CC2 (Z score) 60 -1.45a (0.81)b  36 0.34a (1.95)b  <.001c** 1.50 
Sight word reading fluency - TOWRE (Standard score) 60 90.00a (15.00)b  36 105.00a (16.00)b  <.001c** 1.29 
Nonword reading fluency - TOWRE (Standard score) 60 85.00a (14.00)b  36 103.00a (23.00)b  <.001c** 1.36 
Reading comprehension - TERC (Z score) 60 -0.81 (0.85)  34 0.65 (0.95)  <.001** 1.62 
Sublexical route           
Nonword reading - CC2 (Z score) 60 -1.64a (0.52)b  36 -0.08a (1.55)b  <.001
c** 1.78 
Lexical route           
Irregular word reading - CC2 (Z score) 60 -0.94a (0.94)b  36 0.19a (1.40)b  <.001c** 1.26 
Sublexical subskills           
GPC knowledge - LeST (Raw score, /51) 60 34.83 (6.29)  36 42.00 (6.00)  <.001** 1.17 
GPC knowledge - GPC test (Raw score, /39) 60 7.00a (11.00)b  34 28.00a (13.00)b  <.001c** 1.65 
Lexical subskills           
Orthographic lexicon - TOC (Z score) 59 -0.92a (1.29)b  34 0.05a (1.84)b  <.001c** 1.06 
Phonological lexicon - Rain/Hane test (Raw score, /20) 60 16.00a (4.00)b  34 19.00a (2.00)b  <.001c** 1.04 
Semantics - PPVT-4 (Standard score) 58 93.84 (10.45)  35 111.37 (11.91)  <.001** 1.56 
Common subskills (lexical and sublexical)           
Letter identification - Cross-case (Raw score, /14) 60 14.00a (2.00)b  36 14.00a (0.00)b  .001
c** 0.61 
Letter identification - LOT (Raw score, /54) 60 51.00a (6.00)b  33 53.00a (4.00)b  .06c 0.40 
Phonological output - NEPSY nonword repetition (Scaled score) 60 7.00a (3.00)b  34 11.00a (3.00)b  <.001c** 1.58 
Phonological output - Blending nonwords (Raw score, /28) 60 9.00a (14.00)b  34 18.00a (11.00)b  <.001c** 0.86 
                      
           
CC2, Castles and Coltheart 2; GPC. Grapheme-phoneme conversion; LeST, Letter-sound test; LOT, Letter orientation test; NEPSY, A Developmental 
Neuropsychology Assessment; PPVT-4, Peabody Picture Vocabulary Test - Fourth Edition; TERC, Test of Everyday Reading Comprehension; TOC, 
Test of Orthographic Choice; TOWRE, Test of Word Reading Efficiency 
ª Median, b Interquartile range, c Mann-Whitney U Test, ** p<.01           
Please note: Holm's procedure applied to all analyses; Higher scores indicate better performance for all measures 
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Subtyping and classification of reading impairment (aim 2 and exploratory aim) 
Within the control group, seven children (19%) were classified as poor readers 
according to their performance on the CC2 nonword (n=6, 17%) or irregular word 
(n=7, 19%) reading measures and were removed from further analyses as they did not 
represent typical readers. The percentage of poor readers (i.e. <1 SD) in the control 
group is relatively consistent with that predicted from a normal distribution. Within 
the NF1 group, 49 children (82%) were classified as poor readers and 11 children 
(18%) as typical readers. Within the NF1 group of poor readers, 20 (41%) met 
classification for phonological dyslexia, 24 (49%) for mixed dyslexia and five (10%) 
children did not meet any classification criteria, despite being poor readers. The risk 
of having phonological dyslexia was 2.56 times greater (95% CI 1.54, 4.26) in the 
NF1 group of poor readers compared to a group of poor readers from the general 
population (McArthur et al., 2013a).  The risk of having mixed dyslexia was 1.61 
times greater (95% CI 1.10, 2.36) in the NF1 group of poor readers compared to a 
group of poor readers from the general population (McArthur et al., 2013a). No 
children with NF1 met the criteria for surface dyslexia. 
Means and standard deviations of four subtype groups (typical readers, NF1 typical 
readers, NF1 phonological dyslexics, NF1 mixed dyslexics) are displayed in Table 
5.3. ANOVAs indicated that there was a significant difference between all groups for 
all variables, with medium to large effect sizes for all measures (partial η2 ranging 
from 0.13 - 0.74). Planned contrasts comparing NF1 typical readers to typical readers 
revealed the NF1 group performed significantly poorer on measures of nonword 
reading, nonword repetition, reading comprehension and semantics. Planned contrasts 
comparing NF1 phonological to mixed dyslexics showed that children with mixed 
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dyslexia performed significantly poorer on measures of regular, irregular word and 
nonword reading, sight word and phonemic decoding efficiency, letter-sound 
knowledge, parsing and reading comprehension. 
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Table 5.3. Literacy measures for reading subtypes 
 Summary statistics  ANOVA statistics  
     
 Typical readers  
(n = 29 ) 
 NF1 typical readers 
 (n = 11) 
 NF1 phonological 
dyslexics (n = 20) 
 NF1 mixed dyslexics 
(n = 24) 
 All groups  Controls vs. NF1 typical readers 
 Phonological 
vs. Mixed 
Variable n M (SD)   n M (SD)   n M (SD)   n M (SD)   F df p ηp2   p d   p d 
Age  
   Years 29 8.83 (1.73)  11 9.09 (2.02)  20 9.1 (2.02)  24 8.13 (1.36)  1.44 3, 80 .238 .05       
General reading 
                          
Regular word reading 
   CC2 (z score) 29 0.63 (0.98)  11 -0.14 (1.10)  20 -1.34 (0.34)  24 -1.83 (0.44)  50.87a 3, 32.47 <.001** .67  .040 0.76  <.001** 1.23 
Sight word fluency 
   TOWRE (SS) 29 111.55 (13.66)  11 101.91 (14.04)  20 97.20 (8.70)  24 83.42 (8.59)  27.23 3, 80 <.001** .51  .055 0.70  <.001** 1.60 
Nonword fluency 
   TOWRE (SS) 29 108.86 (12.96)  11 103.09 (13.54)  20 85.50 (8.07)  24 78.88 (6.10)  45.04a 3, 32.44 <.001** .62  .221 0.44  .003** 0.94 
Reading comprehension  
   TERC (z score) 29 0.79 (0.93)  11 -0.11 (0.82)  20 -0.67b (0.80c)  24 -1.61b (0.87c)  33.46 3, 80 <.001** .56  .008** 1.00  <.001d** 1.45 
Sublexical reading route                           
Nonword reading 
   CC2 (z score) 29 0.27b (1.31c)  11 -0.74b (0.72c)  20 -1.64b (0.30c)  24 -1.69b (0.40c)  66.00a 3, 33.73 <.001** .74  .009**d 0.90  .032d* 0.68 
Sublexical subskills 
                          
GPC knowledge 
   LeST (Raw score, /51) 29 45.00b (6.00c)  11 41.00b (11.00c)  20 36.10 (5.11)  24 30.71 (4.53)  29.74 3, 80 <.001** .53  .353d 0.30  .001** 1.12 
GPC knowledge 
   GPC test (Raw score, /39) 29 31.00b (10.00c)  11 22.00a (20.00c)  20 8.50b (10.00c)  24 1.50b (6.00c)  83.99a 3, 31.64 <.001** .73  .030d 0.73  <.001d** 1.30 
Lexical reading route 
                          
Irregular word reading 
   CC2 (z score) 29 0.46 (0.77)  11 0.42 (1.07)  20 -0.80b (0.41c)  24 -1.73b (0.57c)  80.15a 3, 32.35 <.001** .69  .895 0.05  <.001d** 3.27 
Lexical subskills 
                          
Orthographic lexicon 
   TOC (z score) 29 0.36 (1.12)  11 0.03 (1.02)  20 -0.86b (1.11c)  24 -1.72b (1.11c)  15.94 3, 80 <.001** .37  .405 0.30  .024d 0.73 
Phonological lexicon 
   Rain/Hane (Raw score, /30) 29 19.00b (2.00c)  10e 17.30 (2.98)  20 15.95 (2.86)  24 14.88 (2.56)  14.93a 3, 28.75 <.001** .31  .245d 0.51  .195 0.40 
Semantics 
   PPVT-4 receptive vocab (SS) 29 112.76 (11.22)  10e 100.10 (9.01)  20 95.85 (11.28)  24 89.26 (9.36)  23.26 3, 78 <.001** .47  .003** 1.18  .043 0.64 
Common subskills 
                        
Letter identification 
   Cross case (Raw score, /14) 29 14.00b (0.00c)  11 14.00b (0.00c)  20 14.00b (2.00c)  24 13.00b (4.00c)  6.54a 3, 34.58 .001** .23  .743d 0.11  .167d 0.40 
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 Summary statistics  ANOVA statistics  
     
 Typical readers  
(n = 29 ) 
 NF1 typical readers  
(n = 11) 
 NF1 phonological 
dyslexics (n = 20) 
 NF1 mixed dyslexics 
(n = 24) 
 All groups  Controls vs. NF1 typical readers 
 Phonological 
vs. Mixed 
Variable n M (SD)   n M (SD)   n M (SD)   n M (SD)   F df p ηp2   p d   p d 
Letter identification 
   LOT (Raw score, /54) 29 52.00b (4.00c)  11 53.00b (2.00c)  20 51.00b (4.00c)  24 48.00b (7.00c)  4.04 3, 80 .01** .13  .185d 0.44  .023d 0.73 
Phonological output 
   Blending (Raw score, /28) 29 18.00b (10.00c)  11 16.00b (20.00c)  20 9.50b (8.00c)  24 6.00b (10.00c)  10.37 3, 80 <.001** .28  .207d 0.41  .100d 0.51 
Phonological output 
   NEPSY-II (scaled score) 29 10.86 (2.01)  11 8.91 (1.04)  20 6.80 (2.02)  24 7.17 (1.93)  24.50 3, 80 <.001** .48  <.001** 1.08  .541 0.19 
                                                      
ηp2, partial eta-squared; CC2, Castles and Coltheart 2; d, Cohen's d; GPC, Grapheme-Phoneme conversion; LeST, Letter-sound test; LOT, Letter Orientation Task; NEPSY-II, Nonword repetition from A Developmental Neuropsychology Assessment - 
Second Edition; PPVT-4, Peabody Picture Vocabulary Test - Fourth Edition; TERC, Test of Everyday Reading Comprehension; TOC, Test of Orthographic Choice; TOWRE, Test of Word Reading Efficiency; SS, Standard score 
*p≤.05, **p≤.01                           
a Welch's F, bMedian, cInterquartile range, dMann-Whitney U Test, eMissing data (n=1) as test not administered                
Please note: Holm's procedure applied to all analyses; Higher scores indicate better performance for all measures                
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Relationship between combined word reading and other cognitive and demographic 
variables for the NF1 group (n = 60; aim 3) 
There was no significant difference between males (Mean=-0.51, SD=0.66) and 
females (Mean=-0.50, SD=0.62) on the combined word reading variable (t (58) =-
0.07, p=.95, d=0.02) or any of the individual measures of reading subskills (all 
p>.07), which are reported in Supplementary Table 1. Correlations between combined 
word reading and cognitive, demographic and behavioural variables of interest for the 
NF1 group are displayed in Table 5.4. Stronger combined word reading was 
moderately associated with better receptive language, working memory, and higher 
FSIQ and VIQ scores. There was a significant moderate negative relationship between 
combined word reading and inattentive behaviours indicating children displaying less 
inattentive behaviours had better combined word reading.  There was no significant 
relationship between combined word reading and SES or visuospatial functioning. 
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Table 5.4. Correlations between word reading and cognitive, demographic and 
behavioural variables for the NF1 group 
Measure 1 2 3 4 5 6 7 8 9 
1. Word reading -         
2. SEIFAa,b .215 -        
3. FSIQa .460** .345** -       
4. VIQ .359** .055 .544** -      
5. PIQ .282* .374** .744** .221 -     
6. WMI .419** .202 .618** .222 .522** -    
7. JLOc .068 .209 .457** .063 .499** .291* -   
8. PPVT-4c .338** .177 .296* .345** .374** .134 .189 -  
9. Conners 3 - Inattentiond -.357** -.240 -.171 -.082 -.152 -.171 -.081 .002 - 
          
FSIQ, Full-scale IQ; JLO, Judgement of Line Orientation; PIQ, Performance IQ; PPVT-4, Peabody 
Picture Vocabulary Test – Fourth edition; SEIFA, Socio-Economic Indexes for Areas; VIQ, Verbal IQ; 
WMI, Working Memory Index 
*p<.05, **p<.01          
a Spearman's rho, bDecile ranking of areas in Australia according to relative socio-economic advantage 
and disadvantage; 1 is lowest and 10 is highest SES, cn=58, d n=57  
 
In the regression model, PIQ was entered in step 1 and as working memory had the 
highest correlation with combined word reading, it was entered in step 2. Inattention 
was entered at step 3 followed by receptive language (Table 5.5). In the final model, 
working memory, inattentive behaviours and receptive language were significant 
predictors accounting for 31% of the variance in combined word reading ability.
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Table 5.5. Hierarchical regression analysis predicting word reading ability in the 
NF1 group 
Variable B SE B β Adjusted R2  ∆R2 
Step 1    .11 .12 
  Constant -2.41 .70    
  PIQ .02 .01 .35**   
Step 2    .20 .11 
  Constant -3.63 .80    
  PIQ .01 .01 .21   
  Working Memory Index .02 .01 .36**   
Step 3    .25 .07 
  Constant -2.47 .94    
  PIQ .01 .01 .17   
  Working Memory Index .02 .01 .32*   
  Conners Inattention -.01 .01 -.27*   
Step 4    .31 .07 
  Constant -3.31 .97    
  PIQ .00 .01 .05   
  Working Memory .02 .01 .33**   
  Conners Inattention -.01 .01 -.29*   
  Receptive language .02 .01 .28*   
      
PIQ, Performance IQ 
Note: **p≤.01, *p≤.05 
B, Unstandardized beta; SE B, Standard error of B; β, Standardized beta  
5.5 Discussion 
The primary aim of this study was to describe the reading subskills of school-aged 
children with NF1, using a well-established model of word reading, the DRM 
(Coltheart et al., 2001). Consistent with our prediction (hypothesis 1), the 
performance of children with NF1 was significantly poorer than control children in all 
except one area, letter orientation. Examination of the NF1 group revealed that 82% 
displayed poor word reading compared to 19% in the unaffected group, supporting 
previous findings that children with NF1 are at high risk of reading difficulties 
(Cutting et al., 2000; Watt et al., 2008). Further, as predicted (hypothesis 1), nonword 
reading was the most severely impaired literacy skill in the NF1 group, returning the 
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largest effect size of all literacy measures. Significant weaknesses in subskills of the 
sublexical reading route (i.e. letter-sound knowledge, parsing) were also identified. In 
combination, these findings provide support for a previous finding that many children 
with NF1 experience difficulties utilising letter-sound knowledge to decode words 
(Watt et al., 2008).  
This is the first time that the DRM has been used as a framework to conduct a 
systematic examination of all reading subskills of children with NF1. Interestingly 
study findings indicated significant weaknesses in the NF1 group and large effect 
sizes in measures assessing irregular word reading and subskills of the lexical reading 
route (i.e. orthographic lexicon, phonological lexicon, semantics). Significantly 
poorer performance by the NF1 group, compared to unaffected children, on subskills 
common to both reading routes (i.e. letter identification, blending, nonword 
repetition) was also identified. In addition, children with NF1 also displayed poorer 
performance than controls on general reading measures (i.e. regular word reading, 
reading fluency, reading comprehension). Findings indicate that children with NF1 
present with widespread difficulties in both lexical and sublexical reading subskills, as 
well as deficits in common subskills such as letter identification and blending. Not 
surprisingly, children with NF1 also experience difficulties with more complex 
higher-level reading processes such as fluency and comprehension.  
An additional aim of this study was to use the DRM to characterise the profile of 
reading impairment and accompanying weaknesses in reading subskills in children 
with NF1. Our hypothesis (hypothesis 2a) that the majority of poor readers would fit 
the profile for phonological dyslexia was not supported. Within the NF1 poor reading 
group, the percentage of children who fitted the profile for phonological (41%) and 
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mixed dyslexia (49%) was almost equal. It is not entirely clear why our findings 
differed to our predictions and previous research (Watt et al., 2008). However the 
classification system used for dyslexia subtypes in this study did differ to that used by 
Watt et al. (2008). As reported by McArthur et al. (2013a) using different 
classification criteria (e.g. applying different cut-off scores to define impairment)  can 
produce significantly different proportions of dyslexic subtypes, with changes in the 
percent of children classified to a subtype of dyslexia varying by up to 39%. This 
suggests that the method of defining impairment is likely to have partially contributed 
to the discrepancy between our findings and previous research. Further, as the sample 
size for the current study was twice the size of Watt et al’s (2008), it is possible that 
our findings are more representative of the broader NF1 population. 
Study findings indicated that poor readers with NF1 have 2.56 times the risk of 
developing phonological dyslexia when compared to poor readers in the general 
population (McArthur et al., 2013a). Also consistent with a previous study  (Watt et 
al., 2008), no children in the NF1 group met criteria for surface dyslexia. In contrast, 
poor readers with NF1 displayed a similar rate of mixed dyslexia to that observed in 
poor readers in the general population (McArthur et al., 2013a). Collectively these 
findings suggest that an unusually high proportion of children with NF1 present with 
phonological dyslexia or specific impairments in the sublexical reading route. It is not 
clear why poor readers with NF1 have such a high incidence of phonological dyslexia 
and no incidence of surface dyslexia. Evidence from the general population indicates 
a strong genetic basis to phonological dyslexia and that it may be related to an 
underlying impairment in processing spoken language (Castles, Datta, Gayan, & 
Olson, 1999). In contrast, environmental factors seem to impart greater influence for 
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surface dyslexics (Castles et al., 1999). It has previously been suggested that a 
phonological impairment may be an inherent feature of NF1 (Chaix et al., 2017). The 
underlying cause of this phonological impairment is still unclear, but abnormalities in 
brain structure (Payne et al., 2010) and molecular pathways (Costa et al., 2002) in 
NF1 are likely to contribute. To date there is no conclusive links between specific 
neurological abnormalities in NF1 and cognitive impairments (Payne et al., 2010). In 
the general population, early autopsy studies suggested that dyslexic individuals 
showed lack of left greater than right asymmetry of the planum temporale (PT) 
(Galaburda et al., 1985), an area that has been linked to phonological processing 
(Larsen, Høien, Lundberg, & Ødegaard, 1990). One study has reported greater 
symmetry in the PT of boys with NF1 and that lack of typical asymmetry was related 
to poorer reading performance (Billingsley et al., 2002). However it should be noted 
that the participants with NF1 in the Billingsley et al. study did not display impaired 
reading or phonological processing skills. It would be beneficial to further investigate 
the possible neural correlates of reading difficulty in NF1. Neuroimaging is a valuable 
means of developing a greater understanding of underlying causes of impairment, 
allowing early identification of children at risk and assisting in the development of 
effective interventions (Dresler et al., 2018).   
To characterise specific areas of weakness in reading subskills associated with each 
impairment profile we compared children with NF1 and phonological dyslexia to 
those with mixed dyslexia. We hypothesised that, as specified by the DRM (Coltheart 
et al., 2001), children with phonological dyslexia would be characterised by intact 
lexical subskills and specific deficits in all sublexical reading subskills (hypothesis 
2b). This hypothesis was only partially supported. Contrary to our expectations, 
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children with phonological dyslexia in our sample performed similarly to children 
with mixed dyslexia on component measures of the lexical reading route (i.e. 
orthographic lexicon, phonological lexicon, semantics).  In contrast, our prediction 
that children with mixed dyslexia would display difficulties in sublexical and lexical 
subskills (hypothesis 2b) was supported. Our results demonstrated that children with 
mixed dyslexia displayed widespread difficulties in reading subskills and overall 
performed more poorly than those with phonological dyslexia. Also children with 
mixed dyslexia displayed significant weaknesses in reading fluency and 
comprehension, indicating a greater functional impairment than children with 
phonological dyslexia. In combination these findings indicate that the children with 
NF1 in our sample did not display the very pure patterns of impairment profiles 
proposed according to the DRM (Castles, Bates, & Coltheart, 2006b; Coltheart et al., 
2001). Rather, the majority of poor readers with NF1 in our sample appeared to 
present with a range of impairments throughout lexical and sublexical skills, even 
when displaying a more significant impairment in one area. Our results fit with the 
concept that children’s impairments fall along a continuum (McArthur et al., 2013a) 
and they may display different degrees of impairment. For example, Harm and 
Seidenberg (1999) proposed the severity hypothesis which states that children with 
more severe impairments in the phonological pathway display a profile of ‘impure’ 
phonological dyslexia or mixed dyslexia characterised by larger impairments in 
nonword and smaller yet significant impairments in irregular word reading (Harm & 
Seidenberg, 1999). In contrast, a ‘pure’ deficit in nonword reading (phonological 
dyslexia) results from a mild deficit to the phonological pathway (Harm & 
Seidenberg, 1999). This severity hypothesis was partially supported by our findings as 
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it is evident that the children with mixed impairments displayed more severe deficits 
than those children with phonological dyslexia.  
Further investigation of the reading subskills of children with NF1 who are poor 
readers is needed to better understand the differences between children with more 
pure phonological impairments and those with impure phonological impairments that 
also display difficulties recognising words by sight (mixed dyslexia). It is currently 
unclear whether these groups of children will respond similarly to intervention or 
whether different treatment approaches are required. There is some evidence from the 
general population indicating that children with a mixed dyslexic profile may be the 
most severely impaired (McArthur et al., 2013a). Further the severe and widespread 
nature of the deficits experienced by children with a mixed impairment in our sample 
indicates they may require more intensive intervention than those with other less 
severe impairments. Previous case studies of children with mixed dyslexia in the 
general population using a DRM framework indicate that although there may be some 
generalisation of specific training of sublexical skills to lexical skills (Brunsdon, 
Hannan, Nickels, & Coltheart, 2002), there is also independence between the two 
reading routes (Brunsdon, Hannan, Coltheart, & Nickels, 2002). Therefore from a 
DRM viewpoint, children with mixed dyslexia may require more intensive 
intervention targeting both sight word reading (lexical) and phonics-based reading 
(sublexical) to successfully address their weaknesses.  
An additional aim of the study was to explore relationships between reading ability 
and other cognitive, behavioural and demographic variables in children with NF1. 
Comparisons between children with NF1 and unaffected children revealed, as 
previously reported (Lehtonen et al., 2013), that children with NF1 displayed 
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significant weaknesses in the majority of cognitive areas assessed including IQ, 
visuospatial functioning, sustained, divided and switching attention, as well as 
performing more poorly in mathematics and spelling.  
As we predicted (hypothesis 3c), verbal working memory skills were a significant 
predictor of reading ability of children with NF1. Impairments in working memory 
are a common feature in children with NF1 (Payne et al., 2012) and our findings 
suggest that children with working memory impairment are at an increased risk of 
reading difficulties. This is consistent with findings in the general population 
indicating that children with working memory deficits (both verbal and visual) have 
poorer reading ability (Wang & Gathercole, 2013). It has been suggested that working 
memory supports children’s ability to develop skills and knowledge relating to 
literacy (St Clair-Thompson & Gathercole, 2006). This is likely due to the fact that 
phonological processing abilities (i.e. blending, segmenting) are constrained by poorer 
working memory capacity (Pham & Hasson, 2014). Further, stronger working 
memory abilities support complex, higher-level processing (Pham & Hasson, 2014) 
and are proposed to play an important role when children participate in several 
cognitive processes concurrently such as decoding words, accessing semantic 
knowledge and retrieval of information previously read (Sesma, Mahone, Levine, 
Eason, & Cutting, 2009). Consequently greater working memory capacity has been 
linked to better reading fluency and comprehension as well as basic reading abilities 
(Pham & Hasson, 2014; Sesma et al., 2009). 
Comorbidity between ADHD and literacy problems has previously been reported in 
the general population (Peterson & Pennington, 2015) and in children with NF1 
(Hyman et al., 2006). In addition, increased behavioural symptoms of ADHD have 
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been found to significantly predict poorer reading abilities in children with NF1 (Pride 
et al., 2012). In line with our predictions (hypothesis 3d), elevated inattentive ADHD 
symptoms were significantly associated with poorer word reading in children with 
NF1. This relationship suggests that it may be important to address comorbid 
attention difficulties of children with NF1 and reading difficulties in conjunction with 
providing targeted literacy intervention. In the general population there is mixed 
support for the transfer effects of ADHD treatment upon children’s literacy abilities. 
One review and meta-analysis of treatment studies reported that methylphenidate 
results in moderate improvements in reading fluency (Cohen’s d = .47) but has no 
significant effect on reading accuracy (Kortekaas-Rijlaarsdam, Luman, Sonuga-
Barke, & Oosterlaan, 2018). Another reported that drug treatment resulted in 
increased completion of academic work and more on-task behaviour (Prasad et al., 
2013). In children with NF1, there is some evidence to indicate that attention deficits 
and ADHD symptomatology in children with NF1 can be effectively treated using 
methylphenidate (Lion-François et al., 2014; Mautner et al., 2002). Although to date, 
it has not been investigated whether methylphenidate can improve performance on 
reading measures in children with NF1. 
As predicted (hypothesis 3e) receptive language abilities were also a significant 
predictor of the word reading ability of children with NF1. This is in line with 
findings from the general population that young children with poor language abilities 
are at greater risk of later reading difficulties (Snowling & Melby-Lervag, 2016) and 
that school-age children with weaker receptive vocabulary skills perform more poorly 
on reading measures  (Bowey & Rutherford, 2007; Goff, Pratt, & Ong, 2005; 
Ouellette, 2006). Children’s language abilities have been linked not only to reading 
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accuracy but comprehension (Ouellette, 2006; Storch & Whitehurst, 2002) suggesting 
that language abilities play a significant role in development of a range of literacy 
skills. Future longitudinal research is needed to explore the inter-relationship between 
language and literacy skills in NF1 and whether language intervention may support 
growth of stronger literacy skills.  
Our hypotheses that word reading in children with NF1 would be related to sex and 
SES (hypothesis 3a, b) were not supported. Our findings suggest that for children with 
NF1, cognitive rather than demographic factors appear to have a more significant 
impact on reading outcomes. Finally while previous findings indicated a possible 
relationship between the hallmark visuospatial impairments observed in children with 
NF1 and reading (Cutting & Levine, 2010) (hypothesis 3f), we found no evidence of 
this in our sample. This is in line with research in the general population 
demonstrating that reading difficulties are not a result of visual deficits but rather 
language-based ones (Velluntino et al., 2004). 
A secondary aim of this study was to establish whether NF1 typical readers presented 
similarly to unaffected children. Results revealed the performance of the NF1 group  
was significantly poorer than controls on a number of measures including nonword 
reading, nonword repetition receptive language and comprehension. However, the 
NF1 typical readers performed within the average range on literacy measures 
suggesting that overall they present with a similar profile to typical readers in the 
general population.  
This study has a number of limitations. The number of children with NF1 classified as 
normal readers was small compared to the reading impaired subgroups. It would be 
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beneficial for future research to recruit a larger group of NF1 typical readers to assist 
in better understanding possible protective factors that may result in intact reading 
abilities. In addition, future studies may wish to consider including a control group 
matched by age, nonverbal IQ and working memory abilities to allow for additional 
exploration of the cognitive factors underlying the reading difficulties experienced by 
children with NF1. Also, this study utilised the DRM as a framework to explore the 
word reading skills of children. We acknowledge that the DRM is only one 
representation of the single word reading system and there are other models of 
reading (i.e. Connectionist; Harm & Seidenberg, 1999; Seidenberg & McClelland, 
1989). Despite this, the DRM was used in this study as it is a particularly useful 
model allowing for assessment of individual reading subskills. Further it has 
previously been shown to be particularly appropriate for identifying the unusually 
high levels of phonological deficits evident in children with NF1 (Watt et al., 2008). 
Consequently, we feel the results of this study have important contributions to make 
regarding the nature of reading difficulties in school-aged children with NF1. 
In summary, this study utilises a well-established model of word reading, the DRM, to 
provide a detailed description of the reading profile of school-aged children with NF1. 
Findings demonstrate that children with NF1 are at high risk of reading difficulties 
with over 80% of children displaying poor word reading. Difficulties occur not only 
throughout lexical and sublexical reading subskills but also in basic reading precursor 
skills such as letter identification and in higher-level processes such as reading 
fluency and comprehension. High levels of phonological decoding difficulties are 
typical, and amongst poor readers with NF1 the risk of phonological dyslexia is 2.56 
times the rate observed in the general population. A significant number of NF1 poor 
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readers also display mixed dyslexic profiles and are characterised by widespread and 
severe deficits which result in greater functional impact. A small percentage of 
children with NF1 display intact reading abilities and their reading profile is similar to 
that of unaffected children. Finally, those children with NF1 and poor working 
memory, receptive language or attention are at increased risk of poor reading.  
Clinical implications  
Due to the high incidence of phonological decoding difficulties present in NF1 it is 
likely that most poor readers will benefit from phonics training which explicitly 
teaches letter-sound knowledge. There is some evidence to suggest that although 
subskills within the DRM are related at some level, they are also independent 
(Brunsdon, Hannan, Nickels, et al., 2002) and that intervention should specifically 
target the subskills directly contributing to each child’s reading impairment. Our 
results highlight the importance of a thorough assessment of the reading abilities and 
underlying subskills in children with NF1 so that children can receive appropriate, 
targeted intervention. Finally the relationship identified between reading and other 
cognitive abilities (i.e. working memory, language, attention) emphasises the need for 
a combined assessment of literacy and broader cognitive skills.
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Supplementary Table 1. Males compared to females on literacy measures for the NF1 group 
 
 Males (n = 32)  Females (n = 28)  Males vs. females  
Variable Measure n M (SD)   n M (SD)   p Cohen's d 
General reading            
Regular word reading CC2 Regular word reading (Z score)  32 -1.45a (0.84b)  28 -1.43a (0.77b)  .790c .069 
Sight word reading 
fluency  TOWRE Sight word (Standard score) 32 90.59 (13.51) 
 28 93.18 (12.52)  .447 .198 
Nonword reading fluency TOWRE Phonemic decoding (Standard score)  32 85.50a (13.00b)  28 84.50a (16.00b)  .609c .132 
Reading comprehension TERC (Z score) 32 -0.82 (0.87)  28 -0.81 (0.85)  .943 .019 
Word reading ability Combined word reading variable 32 -0.51 (0.66)  28 -0.50 (0.62)  .947 .018 
Sublexical reading route            
Nonword reading  CC2 Nonword reading (Z score)  32 -1.64a (0.41b)  28 -1.65a (0.82b)  .651c .117 
Sublexical subskills            
GPC knowledge LeST (Raw score, /51) 32 35.22 (6.10)  28 34.39 (9.00)  .616 .131 
GPC knowledge GPC test (Raw score, /39)  32 6.50a (10.00b)  28 8.00a (14.00b)  .661c .113 
Lexical reading route            
Irregular word reading CC2 Irregular word reading (Z score)  32 -0.89a (1.07b)  28 -0.95a (0.96b)  .573c .146 
Lexical subskills            
Orthographic lexicon TOC (Z score)  31d -0.83a (1.29b)  28 -1.01a (1.48b)  .808c .063 
Phonological lexicon  Rain/Hane test (Raw score)  32 16.34 (2.55)  27d 15.22 (3.03)  .128 .403 
Semantics PPVT-4 receptive vocabulary (Standard score) 32 96.03 (9.97)  26e 91.15 (10.60)  .077 .476 
Common subskills (lexical and sublexical)           
Letter identification  Cross case copying (Raw score, /14)  32 13.00a (1.00b)  28 14.00a (3.00b)  .917c .025 
Letter identification  Letter orientation (Raw score, /54)  32 51.00a (3.00b)  28 51.00a (9.00b)  .612c .130 
Phonological output  Blending nonwords (Raw score, /28)  32 9.50a (10.00b)  28 7.00a (15.00b)  .443c .198 
 Phonological output NEPSY-II nonword repetition (Scaled score)  32 7.00a (3.00b)  28 7.50a (3.00b)  .958c .013 
CC2, Castles and Coltheart 2; GPC, Grapheme-Phoneme conversion; LeST, Letter-sound test; NEPSY-II, A Developmental Neuropsychology Assessment, Second Edition; PPVT-4, 
Peabody Picture Vocabulary Test, Fourth Edition; TERC, Test of Everyday Reading Comprehension; TOC, Test of Orthographic choice; TOWRE, Test of Word Reading Efficiency 
a Median, bInterquartile range, cMann-Whitney U Test, dMissing data (n=1) as test not administered, eMissing data (n=2) as test not administered 
Please note: Higher scores indicate better performance for all measures           
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6 Phonics Training Improves Reading in Children with 
Neurofibromatosis Type 1: A Prospective Intervention Trial 
To date, despite the high incidence of reading difficulties reported in children with 
NF1, there has been limited investigation into treatment options. The aim of Chapter 6 
is to determine the efficacy of a computerised phonics intervention for children with 
NF1 and reading difficulties aged seven to 12 years. 
Ethics approval for the analysis in this chapter was provided by the Human Research 
Ethics Committee at The Children’s Hospital at Westmead (HREC reference number: 
11/CHW/28). The cover letter mailed to families is presented in Appendix 4 and the 
participant information sheet and consent form are found in Appendix 3. The 
recruitment advertisement for participants circulated by the Neurofibromatosis 
Association of Australia is presented in Appendix 7. A copy of the interview 
conducted with parents of participants is included in Appendix 9 and the certificates 
of participation provided to children is presented in Appendix 11. 
The analysis in this chapter was published in Journal of Pediatrics, which has a 
Thomson Reuters Journal Citation Report 2017 impact factor of 3.67. 
Details reported in this chapter have been presented at the following conferences: 
• Arnold, S. S., Barton, B., Payne, J. M., McArthur, G., Castles, A. and North, 
K. N. (2012). A computerised intervention for children with neurofibromatosis 
type 1 and reading difficulties. In the University of Sydney Annual School of 
Paediatrics and Child Health Postgraduate Research Student Conference, 
Parramatta, Australia, 10th August 2012. 
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• Arnold, S. S., Barton, B., Payne, J. M., & North, K. N. (2012). A 
Computerised Intervention for Children with NF1 and Reading Difficulties. In 
the Australian Psychological Society Educational and Developmental 
Conference, Melbourne, Australia, 16-17 November 2012. 
• Arnold, S. S., Barton, B., Payne, J. M., McArthur, G., Castles, A. and North, 
K. N. (2013). A Treatment for Children with Neurofibromatosis Type 1 and 
Reading Difficulties: Preliminary Results. In the University of Sydney Annual 
School of Paediatrics and Child Health Postgraduate Research Student 
Conference, Parramatta, Australia, 2nd August 2013. 
• Arnold, S. S., Barton, B., Payne, J. M., McArthur, G., Castles, A. and North, 
K. N. (2014). Reading Difficulties in Children with Neurofibromatosis Type 
1: Phenotyping and Treatment. In the University of Sydney Annual School of 
Paediatrics and Child Health Postgraduate Research Student Conference, 
Parramatta, Australia, 15th August 2014.
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7 Conclusion 
The majority of school-age children with NF1 display difficulties with reading yet 
there is a limited understanding of when these reading difficulties emerge, possible 
underlying causes or how to treat them. This thesis aimed to examine in detail the 
reading abilities of children with NF1, from preschool through to school years, and to 
trial an intervention to address reading impairments. 
Traditionally, research investigating the cognitive profile of children with NF1 has 
focused on school-age children. A number of studies have documented the high levels 
of reading, spelling and comprehension difficulties occurring in school-age children 
with NF1 (see sections 2.4.2.3 and 2.4.2.4). Further, while many cognitive deficits are 
reported in children with NF1, reading is the area of greatest concern for parents and 
teachers (Cutting et al., 2004) indicating the significant functional impact of reading 
difficulties.  However to date very few studies have investigated when these 
difficulties emerge. Studies conducted by our research team (Lorenzo et al., 2010; 
Lorenzo et al., 2013; Lorenzo et al., 2015) have established that cognitive weaknesses 
can be identified in children with NF1 as early as 21 months of age. Language 
difficulties were reported at 30 months of age (Lorenzo et al., 2010) and weaknesses 
in letter-word identification were observed in 40-month-old children (Lorenzo et al., 
2013). Poor language and letter knowledge have been identified as significant risk 
factors for later reading difficulties in children from the general population  (Snowling 
& Melby-Lervag, 2016) indicating that young children with NF1 may display early 
indicators of later literacy difficulties and further detailed investigation is needed.  
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There are also many literacy and literacy-enabling abilities that have not been well-
described in children with NF1 including potential weaknesses in reading and 
reading-related subskills that may underlie their literacy difficulties. In addition, while 
there is some indication that visuospatial, attentional and executive weaknesses may 
play a role in contributing to reading difficulties (Cutting & Levine, 2010; Hyman et 
al., 2006; Pride et al., 2012) this has not been explored extensively nor in a large 
cohort of children with NF1 and reading difficulties.  
Finally despite the clear need for evidence-based treatment options for children with 
NF1 and reading difficulties, only one study to date has explored the effectiveness of 
reading instruction in this population (Barquero et al., 2015). This study produced 
important preliminary findings indicating that children with NF1 can experience 
benefits from an evidence-based reading intervention used in the general population. 
Further exploration of treatment options for children with NF1 and reading difficulties 
is needed, especially using interventions that are easily accessible and feasible for all 
children with NF1. 
This thesis aimed to add to the accumulated body of knowledge and address current 
gaps in existing research by providing a detailed description of reading and reading 
difficulties in children with NF1. Consequently, three projects were undertaken to 1) 
examine the preliteracy abilities of young children with NF1, 2) describe the reading 
profile of school-age children with NF1 3) investigate whether a targeted reading 
intervention could effectively treat reading difficulties in children with NF1. An 
innovative characteristic of these studies was the inclusion of a younger age group of 
children with NF1. To date, there has been no detailed investigation of the preliteracy 
abilities of young children. Research shows that early reading intervention is critical 
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and has greater benefits for younger rather than older children (Ehri, Nunes, Stahl, et 
al., 2001; Suggate, 2010). Comprehensive assessment of the preliteracy abilities of 
children with NF1 is essential to assist in the design of targeted treatments which are 
implemented early. 
7.1 Significance of key empirical findings  
The three studies described in this thesis provided valuable information regarding the 
reading profile of children with NF1, from preschool through to school years. Study 
findings include novel information on literacy precursor skills in five and six-year 
olds and identification of reading subskills that are associated with reading 
impairments in primary-aged school children with NF1. Further results indicated that 
a computer-assisted instruction reading intervention was effective in treating reading 
difficulties in children with NF1. A number of key findings from the three studies are 
discussed in further detail below. 
Children with NF1 aged five to 12 years display significant weaknesses in literacy 
skills when compared to unaffected children.  
In Chapter 4 novel findings were presented indicating widespread impairments in 
preliteracy abilities of five and six-year olds with NF1 compared to their typically 
developing peers. Weaknesses were evident in all key preliteracy domains assessed 
including phonological awareness, phonological memory, RAN and letter-sound 
knowledge. The risk of a phonological processing impairment was 5.60 times higher 
for children with NF1 potentially placing them at significantly increased risk of later 
literacy-based learning difficulties. These results are consistent with previous reports 
of poor letter-word knowledge in toddlers with NF1 (Lorenzo et al., 2013). Further 
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findings from Chapter 4 included significantly poorer spelling abilities in young 
children with NF1 compared to controls. These results demonstrate that literacy 
weaknesses commonly reported in older school-age children can be observed in in the 
preschool and early school years. Also findings indicated that five and six years of 
age may be a critical period during which to assess the preliteracy skills of children 
with NF1. 
Findings reported in Chapter 5 indicate that school-age children (7 to 12 years) with 
NF1 display significantly poorer literacy skills compared to controls. Weaknesses 
were observed in all basic reading subskills, including letter identification, letter-
sound knowledge, phonological lexicon, orthographic lexicon, semantics, blending 
and nonword repetition. Children with NF1 displayed poorer decoding skills 
compared to controls and 82% of children with NF1 were classified as poor word 
readers. Significant weaknesses were also evident on measures of reading fluency and 
comprehension. In combination, these findings indicate that compared to unaffected 
children, children with NF1 experience significant weaknesses across all reading 
domains, from lower-order basic subskills to higher-order functional measures of 
reading. While these findings are consistent with previous reports that many children 
with NF1 experience difficulties on general measures of reading accuracy and 
comprehension (North et al., 1995; Watt et al., 2008), it is the first study to report on a 
systematic assessment of all basic reading subskills. 
Children with NF1 display specific difficulties identifying and manipulating sounds 
of language. 
224 
In Chapter 4 it was reported that one-third of young children with NF1 performed 
below their peers on a measure of phonological awareness. Further, children with NF1 
demonstrated significantly poorer letter-sound knowledge performance than controls. 
In Chapter 5 it was reported that primary aged school children with NF1 also display 
significant weaknesses in their ability to identify sounds and manipulate them. Results 
indicated that the most significant weaknesses displayed by children with NF1 
compared to controls related to nonword reading, a measure of children’s ability to 
implement letter-sound knowledge to decode nonsense words. As a group, the mean 
nonword performance of children with NF1 was equivalent to that of the lowest 5% of 
the reading population (z = -1.64). There were also large effect sizes evident on 
measures of letter-sound knowledge, blending and parsing, with performance of 
children with NF1 falling significantly below controls.  
In addition findings indicated that poor readers with NF1 have 2.56 times the risk of 
phonological dyslexia compared to poor readers in the general population. Generally 
these findings are consistent with previous reports that the majority of school-age 
children with NF1 experience difficulties with phonological awareness (Chaix et al., 
2017) and utilising letter-sound knowledge to decode words (Watt et al., 2008).  
In combination, Chapters 4 and 5 clearly demonstrate that children with NF1, aged 
five to 12 years, display distinct weaknesses in processing sounds, compared to their 
typically developing peers. It is likely that these weaknesses contribute to the high 
incidence of literacy difficulties observed in children with NF1 as there is a large 
body of evidence that the ability to process sounds of language is a critical precursor 
skill for adequate reading ability (Byrne & Fielding-Barnsley, 1989; Velluntino et al., 
2004). 
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Children with NF1 and reading difficulties display impairments across most 
reading subskills (both lexical and sublexical). 
Chapter 5 used the DRM as a framework to conduct a systematic assessment of 
reading subskills and to provide a detailed description of the reading profile of 
primary aged school children (7-12 years) with NF1. Contrary to expectations 
findings indicated that poor readers with NF1 have weaknesses across both reading 
routes; lexical and sublexical rather than pure sublexical deficits. Further, while 
findings indicated that children with NF1 and poor reading are at increased risk of 
pure phonological dyslexia, they were also at an almost equal risk of mixed dyslexia, 
characterised by significant weaknesses in both sublexical and lexical reading routes. 
While the DRM focuses primarily on describing pure subtypes of dyslexia it provides 
little explanation of mixed cases (Peterson, Pennington, & Olson, 2013). There are 
other word reading models (i.e. triangle) which attempt to explain the mixed 
weaknesses displayed by many poor readers. For example, it has been suggested that 
children with dyslexia display differing degrees of reading impairment or severity. 
Harm and Seidenberg (1999) propose that children with mixed dyslexia may possess a 
more severe phonological impairment compared to children with pure phonological 
weaknesses who have a milder impairment. Our findings partially supported this 
hypothesis as the mixed dyslexia group demonstrated the most significant weaknesses 
in reading subskills compared to the phonological dyslexia group. These findings also 
indicate that the majority of children with NF1 are at risk of widespread impairments 
(with both phonological decoding and sight word reading) and therefore careful 
consideration should be given to appropriate treatment options that address all 
weaknesses. 
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Children with NF1 and reading difficulties benefit from intervention targeting 
letter-sound knowledge. 
Chapter 6 presents novel findings that a home-based, computerised reading 
intervention can effectively improve the phonics skills of children with NF1 and 
phonologically-based reading difficulties. This adds to previous findings that children 
with NF1 can benefit from reading intervention teaching phonological awareness and 
sound-symbol correspondences (Barquero et al., 2015). As described in chapter 6, 
children with NF1 completed an eight-week intervention with instruction focusing on 
teaching letter-sound knowledge. Results indicated significant improvements in 
proximal abilities specifically targeted, such as decoding words (i.e. nonwords, 
regular words), blending, letter-sound knowledge, nonword repetition and fluency for 
nonwords. Importantly, it also resulted in improvements more distal to the 
intervention, including reading comprehension. Of clinical importance, these 
improvements were maintained eight weeks post-treatment. These findings are 
significant as they provide direct, proof-of-concept evidence that weaknesses in the 
ability to process sounds of language experienced by many children with NF1 can be 
successfully treated. Further that children with NF1 can independently access a low-
cost, home-based computerised reading treatment which results in significant and 
lasting improvement in a range of literacy skills.  
The cognitive manifestations in NF1 affect literacy and treatment outcomes. 
Cognitive and behavioural difficulties are the most frequently reported complication 
in children with NF1 and include weaknesses in executive abilities (including 
working memory), language, visuospatial functioning and attention. Findings in 
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Chapter 5 indicate that higher levels of inattentive behaviours are significantly related 
to poorer word reading ability. This adds support to previous findings in the general 
population (Peterson & Pennington, 2015) and in NF1 (Hyman et al., 2006) of an 
increased comorbidity between ADHD and reading difficulties. Further, findings in 
Chapter 5 indicated that school-age children with NF1 who had poorer receptive 
language abilities also demonstrated significantly poorer reading ability. Consistent 
with previous studies indicating that young children with NF1 display weaker 
language abilities (Brei et al., 2014; Lorenzo et al., 2010; Lorenzo et al., 2013; 
Thompson et al., 2010), findings from Chapter 4 indicated that young children’s 
global language abilities (receptive and expressive vocabulary) fell significantly 
below unaffected children. A significant positive relationship between children’s 
language abilities and critical preliteracy abilities (phonological awareness and 
memory) was observed, indicating that stronger language skills in children with NF1 
were associated with stronger preliteracy abilities. Finally, findings from Chapter 5 
and 6 indicated that children with better working memory abilities exhibited stronger 
word reading ability and achieved greater benefits from the reading intervention. 
These results highlight the role of working memory in the literacy abilities of children 
with NF1, which is consistent with findings in the general population that indicate a 
significant link between weaknesses in working memory and reading difficulties 
(Wang & Gathercole, 2013). In combination, these findings indicate that the 
frequently reported cognitive deficits reported in children with NF1, especially 
attention, language and working memory, contribute to reading difficulties in this 
population. 
7.2 Theoretical implications 
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Findings from Chapter 4 provided support for the premise that to read adequately 
children need to develop the alphabetic principle (Byrne & Fielding-Barnsley, 1990). 
Young children with NF1 displayed significant weaknesses in both phonological 
awareness and letter-sound knowledge which are both necessary components of the 
alphabetic principle. Further the spelling performance of young children with NF1 
was poorer than controls. This suggests that when children do not acquire this 
alphabetic code, they will experience difficulty developing the skills necessary to be 
successful readers and spellers (Furnes & Samuelsson, 2010).  
Study findings reported in Chapter 4 indicated that the RAN abilities of young 
children (aged 5 and 6 years) with NF1 were not significantly different from controls. 
In addition, a significant number of children with NF1 and controls were not able to 
complete RAN practice tasks (i.e. correctly name colours and objects). This suggests 
that the RAN tasks may be a more reliable measure with older children. Further 
findings from Chapter 4 revealed that children’s RAN abilities were not significantly 
related to their literacy (spelling) abilities. This supports previous findings that RAN 
abilities at Kindergarten age are a less reliable predictor of literacy abilities than other 
preliteracy skills such as phonological awareness and letter-sound knowledge (Furnes 
& Samuelsson, 2009). In Chapter 4, findings indicated a significant positive 
relationship between the receptive and expressive vocabulary abilities of young 
children with NF1, and their phonological awareness and memory. This provides 
some support for the lexical restructuring model which proposes that development of 
children’s vocabulary skills supports development of their preliteracy abilities 
(Metsala, 1999). Findings reported in Chapter 5 also highlight the important role of 
vocabulary in the development of literacy skills as the receptive language abilities of 
229 
children with NF1 significantly predicted their word reading ability. In combination, 
these findings suggest that stronger language abilities may support the development of 
better preliteracy and literacy skills in children with NF1. While research in the 
general population indicates that stronger language skills can act as a protective factor 
against children developing dyslexia (Snowling & Melby-Lervag, 2016), it is unclear 
whether targeting the language ability of children with NF1 would result in improved 
literacy skills. 
In Chapter 5 a study which utilized the DRM (Coltheart, Rastle, Perry, Langdon, & 
Ziegler, 2001) as a framework to describe the reading profile of children with NF1 
was reported. Study findings provided mixed support for the DRM. Contrary to 
expectations, children who were classified as phonological dyslexics and displayed an 
overall impairment in the sublexical reading route also commonly displayed 
weaknesses in component skills of the lexical route. Our data therefore was not 
entirely consistent with the DRM framework which proposes that children with pure 
dyslexia display an impairment in only one reading route (Castles, Bates, & Coltheart, 
2006b). Of note, children with mixed dyslexia, typically displayed the most 
significant weaknesses compared to those with phonological dyslexia indicating they 
represented a more severe phenotype. This provides partial support for the triangle 
model of reading (Harm & Seidenberg, 1999) which proposes the severity hypothesis. 
This hypothesis argues that children with mixed dyslexia display a more severe 
phonological impairment  compared to children with pure phonological weaknesses 
who have a milder impairment (Harm & Seidenberg, 1999). 
Both the DRM (Castles & Coltheart, 1993) and triangle model (Plaut, McClelland, 
Seidenberg, & Patterson, 1996) propose that a percentage of children will display 
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significant weaknesses in irregular word reading yet we were not able to identify any 
children who fit this profile. It is unclear why we were not able to identify any 
children with NF1 and surface dyslexia. Previous research suggests a relationship 
between environmental factors and surface dyslexia. In contrast phonological 
impairments seem more linked to genetic factors (Castles, Bates, Coltheart, Luciano, 
& Martin, 2006a). Further investigation of the specific genetic and environmental 
backgrounds of children with NF1 and reading difficulties may be beneficial to better 
understand the factors underlying reading impairment in NF1. In conclusion, findings 
from Chapter 5 provided mixed support for the DRM (Coltheart et al., 2001) and the 
triangle model of reading (Plaut, McClelland, Seidenberg, & Patterson, 1996) 
indicating that no single model of word reading can completely account for 
developmental dyslexia (Peterson, Pennington, & Olson, 2013). 
Findings from Chapter 6 revealed that a phonics treatment program resulted in 
significant improvements throughout sublexical skills including; letter-sound 
knowledge, blending, parsing, nonword reading accuracy and fluency and also aspects 
that are common to the sublexical and lexical routes including regular word reading, 
nonword repetition and reading comprehension. The phonics program had no 
treatment effect on lexical skills such as irregular word reading. This provides support 
for the DRM (Coltheart et al., 2001) and the premise that the two reading routes 
operate relatively independently. Although it should be noted that in this study 
children were not specifically classified according to dyslexia subtypes, so it is not 
clear which children had pure phonological dyslexia and those who had relative 
phonological impairments (mixed dyslexia) and whether this impacted on treatment 
effect. 
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Findings from Chapters 4, 5 and 6 all provide strong support for the phonological 
theory of dyslexia. This theory proposes that weaknesses in phonological processing 
are the primary cause of impairments in reading as they hinder children’s ability to 
master the alphabetic code and automatically recognise letter-sound correspondences 
(Peterson & Pennington, 2015; Velluntino, Fletcher, Snowling, & Scanlon, 2004). 
Findings from all three studies established that children with NF1, from preschool to 
high school age, are at significant risk of phonological impairments and weaknesses 
in their ability to recognise letter-sound correspondences. Further, findings from 
Chapter 6 demonstrated that targeting phonological skills can result in significant 
improvement in reading and other literacy abilities. 
7.3 Clinical implications 
Study findings presented in this thesis have important clinical implications for 
children with NF1. Results indicate that preliteracy deficits are identifiable and 
widespread in young children with NF1, highlighting the need for screening the 
preliteracy abilities of all young children with the condition. Five to six years of age 
appears to be an appropriate developmental period to screen for and detect preliteracy 
weaknesses. Those children who are identified as displaying preliteracy weaknesses 
should then be referred for a comprehensive language assessment and early 
intervention targeting their preliteracy abilities if appropriate. There is research 
showing that reading interventions implemented earlier results in greater gains (Ehri, 
Nunes, Stahl, et al., 2001) and that children who begin schooling with poorer literacy 
skills struggle to close the gap and catch up to their peers (Davison, Seo, Davenport, 
Butterbaugh, & Davison, 2004; Schatschneider & Torgersen, 2004). Therefore it is 
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important that children with NF1 who are identified as being at risk of literacy 
difficulties receive early, targeted intervention. 
Further there is evidence in the general population suggesting that language abilities 
(particularly vocabulary) can act as a protective factor and those children with 
stronger language are less likely to develop literacy difficulties (Snowling & Melby-
Lervag, 2016). Considering our findings and previous research indicating that poorer 
language abilities are evident in children with NF1, and that language and literacy 
abilities were significantly related, it would be beneficial for parents and clinicians to 
closely monitor the language skills of young children with NF1. If any concerns are 
noted then a full comprehensive assessment conducted by a speech pathologist is 
recommended, with targeted treatments implemented as needed. 
For primary-aged school children with NF1, current findings indicate the importance 
of regular and thorough assessment of literacy and cognitive abilities. As reported in 
Chapter 5, school-age children with NF1 are at high risk of widespread reading 
deficits, and these are likely to have significant impact on their academic and 
everyday functioning as well as potential long-term negative ramifications including 
school dropout (Daniel et al., 2006), mental health issues (Arnold et al., 2005) and 
poorer occupational outcomes (Foundation, 2015). Children with NF1 are at risk of 
difficulties in reading subskills including letter identification as well as basic word 
reading abilities. They also experience difficulties with higher-level processes such as 
fluency and comprehension. This indicates that a thorough assessment of all literacy 
skills, from basic reading subskills up to more complex reading processes is needed. 
For those children with NF1 and phonological reading impairments, current findings 
indicate that interventions that provide instruction on letter-sound knowledge and 
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phonics skills are appropriate. There are a range of phonics-based reading 
interventions available, delivered both by qualified instructors one-on-one and also 
commercially available programs that can be accessed independently by families. 
Current findings indicate that an intervention completed at home, independently, can 
result in significant benefits for children. This is of particular significance for those 
families who are unable to access one-on-one intervention via a trained instructor. 
Although it is important to note that the intervention reported on in chapter 6 
specifically targeted phonological impairments in children with NF1. Findings from 
chapter 5 indicate that a significant proportion of children with NF1 and reading 
difficulties have mixed dyslexia, and therefore experience weaknesses in lexical 
reading skills in addition to phonological (sublexical) weaknesses. This indicates that 
targeted intervention for these children should include sight word training in 
conjunction with phonics. 
Finally, current findings indicate that cognitive deficits commonly reported in 
children with NF1 may contribute to increased risk of literacy difficulties. It would be 
beneficial for clinicians to consider the possible impact of language, attention and 
working memory deficits on the literacy abilities of children with NF1. Further, 
children presenting with weaknesses across these cognitive domains may require 
more intensive remediation. 
7.4 Limitations 
One limitation of the studies in this thesis is that the unaffected control groups 
recruited were not individually matched (i.e. case-control) by demographic factors 
such as age or SES to participants with NF1. This resulted in a higher SES level 
amongst the control group as reported in Chapter 4. However, SES was controlled for 
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in all analyses of preliteracy abilities and there was no significant association between 
preliteracy variables and SES indicating that this is unlikely to have significantly 
impacted upon study results. Also of note, while information regarding the native 
language of participants was collected for the study reported in Chapter 4, this data 
was not collected for participants enrolled in the two studies described in Chapters 5 
and 6. However based on the language data reported in Study 4, it is possible that 
some participants were not native English speakers. While all participants possessed 
adequate English to complete the tasks administered it is not known whether being a 
non-native English speaker impacted upon their literacy skills. 
Another limitation relates to the assessment measures employed. For the study 
reported in chapter 4 there was no measure of basic word reading included which 
would have enabled the relationship between children’s preliteracy abilities and word 
reading ability to be examined. Originally, the word reading subtest from the WIAT-II 
(Wechsler, 2002) was included in the test battery. However, the subtest was later 
removed from the battery. This was due to the fact that when administering the 
subtest to young children it contains items that specifically assess phonological 
awareness and letter-sound knowledge which resulted in the preliteracy measures and 
WIAT-II word reading assessing similar domains. Although an assessment of 
conventional literacy skills was still conducted using a measure of spelling, it would 
have been beneficial to have also included an assessment of word reading only.  
A further possible limitation was the high rate of sporadic cases of NF1 observed. The 
percentage of sporadic cases ranged from 62-71% which is slightly higher proportion 
than the expected 50% of cases. Due to the fact all participants were consecutively 
recruited during their visit to the Neurogenetics and NF1 Learning Disorders clinics, 
235 
this may indicate that families who have a child with a sporadic case of NF1 are more 
likely to bring their children for routine assessments. Although it is important to note 
that previous findings have reported no significant relationship between cognitive 
outcomes and type of inheritance (Hyman et al., 2006) suggesting that the study 
findings reported provide an accurate representation of the general NF1 population. 
Another limitation relates to the theoretical model utilised by the study reported in 
Chapter 5. This study used the DRM (Coltheart et al., 2001) as a framework to 
classify children into specific subtypes of dyslexia. Some of the study findings where 
not entirely consistent with the DRM indicating that it may have been beneficial to 
consider alternate frameworks (i.e. Harm & Seidenberg, 2004; Plaut et al., 1996) 
when planning the study.  
Finally, the sample size for the reading treatment study reported on in chapter 6 was 
relatively small. Although the sample of 30 participants proved adequate to observe 
significant treatment effects, originally the target sample was for 40 participants. 
However due the time limitation of the PhD candidature, it was decided to cease 
recruitment after 30 participants.  
7.5 Future directions 
This thesis makes a significant contribution towards understanding the reading profile 
of children with NF1 and also highlights areas for future research. Findings from this 
thesis indicate that young children with NF1 display significant impairments in 
critical preliteracy skills which have been shown to predict later literacy abilities in 
the general population. Longitudinal research is now needed following children from 
a young age through their school years to help identify the developmental progression 
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from early language development to preliteracy skills to conventional literacy skills. 
This would assist in establishing which preliteracy skills are the strongest predictors 
of later literacy. It would also help identify key developmental periods for early 
intervention and whether the implementation of early intervention can improve later 
literacy outcomes for children with NF1. In addition, longitudinal research would 
assist in establishing any risk and protective factors which may impact upon literacy 
development. In the general population, factors such as children’s language abilities, 
SES and home literacy environment may affect the development of literacy abilities 
(Peterson & Pennington, 2015; Snowling & Melby-Lervag, 2016). It would be 
beneficial to further examine whether these factors may also influence the 
development of literacy skills in children with NF1. 
Finally findings from this thesis indicate that there is a relationship between cognitive 
difficulties (i.e. attention, working memory) and both weaker literacy skills and 
poorer response to intervention. There have now been several drug treatment trials 
attempting to target specific cognitive deficits in children with NF1. Unfortunately, 
these have resulted in limited success and a recent international, multi-site trial of 
lovastatin indicated that it was not an effective treatment for cognitive difficulties in 
children with NF1 (Payne et al., 2016). Trials of stimulant medication have proved 
more promising with improvements observed on cognitive and/or behavioural 
measures (Lidzba et al., 2014; Lion-François et al., 2014; Mautner et al., 2002). 
Considering the findings reported in this thesis indicating that a computerised reading 
intervention can be used to effectively treat literacy difficulties it would be beneficial 
for future research to investigate whether combining treatment for cognitive (i.e. 
237 
medication, working memory training) and reading (i.e. phonics) deficits can result in 
greater benefits for children with NF1.  
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